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 This dissertation investigates the temporal and spatial variations in deformation of 
the Calabrian forearc during the evolution of the subduction-rollback system.  In addition 
to contributing new data to the area, I develop three strategies for understanding recent 
and active deformation by linking long-term structural data with short-term 
geomorphological data.  First, setting a “baseline” of deformation is important when 
studying plate boundaries.  Through the structural mapping of an uplifted forearc basin, I 
conclude that rapid rollback is characterized by tectonic quiescence in the Calabrian 
forearc when it is located far from collision (from ~12 Ma – ~5 Ma).  This “baseline” 
provides a framework from which I interpret younger phases of deformation.  In the 
middle Pliocene (~5-4 Ma), an arc-parallel shortening event characterizes the first stage 
of forearc collision in my field area.  These folded sediments are later tilted, but structural 
data from the field cannot constrain the age or structure responsible for this youngest 
phase of deformation.   
The Neto River dissects this tilted surface opening up the possibly of linking 
structural data with geomorphic data from river erosion.  I collected a transect of river 
sediment samples for 10Be analysis to determine variation in catchment-wide erosion 
rates through the modern day deformation.  I, then, developed a numerical model that 
describes changes in erosion rate through time with the structural growth of the tilted 
surface.  The model is the first of its kind to use catchment-wide erosion rates to 
constrain a structural model.  The model results constrain the age of the beginning of 
deformation to 850 ka and suggest that a fold with a migrating hinge caused tilting of the 
surface.   
The model provides the basis for my hypothesis that the forearc is experiencing 
an arc-perpendicular shortening strain, which contradicts conclusions from GPS data and 
the well-documented extension in the western part of the forearc.  To further investigate 
surficial deformation, I carry out geomorphic analyses of 87 river drainages.  I interpret 
my findings in terms of structural framework and find that surficial deformation varies 
tremendously from east to west.  The rivers draining eastward are characterized by low 
concavities and higher erosion rates, consistent with shortening.  While just 50 km away, 
the westward-draining rivers are characterized by high concavities and lower erosion 
rates, consistent with extension.  Overall, the drainages are shifting from east-draining to 
west-draining, likely due to the topographic growth that decreases concavities on the 
eastern side.  Although a new interpretation, this finding is consistent with previous 
structural, paleomagnetic, and seismological datasets.  
In each of the chapters, I interpret the structural and geomorphic data in a regional 
framework.  This extra step is critical in interpreting deformation along active plate 
boundaries because it is highly variable and can be seemingly contradictory.  In my final 
chapter, I present a cross section of the plate boundary that incorporates my data and 
interpretations from the geomorphic results and the most recent structural event as well as 
data from multiple other sources (GPS, seismological, paleomagnetics, structural, 
tomographic, geomorphic, etc.).  This approach confirms the importance of boundary 
conditions on deformation in a subduction-rollback system.  More intriguingly, the cross-
section highlights the spatial variations along the surface and with depth suggesting that 
there is significant interplay between active structures. 
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Figure 1.1. a) A figure from Royden et al. [1993]; the first frame describes a classical 
subduction zone, where convergence occurs more rapidly than subduction.  This 
scenario leads to upper plate shortening throughout the system (from the forearc 
to the backarc and from the surface down to the subduction boundary).  The 
second frame illustrates a scenario for subduction-rollback.  Here, subduction 
occurs faster than convergence, leading to overall upper plate extension.  There is 
a small zone of shortening that is restricted to the forearc of the system, but it may 
not include the entire forearc.  Note the arrow indicating extension above the 
forearc.  b) Looking in more detail at a generic cross-section through a 
subduction-rollback system, a shortening regime is present only in the 
accretionary prism.  An extensional regime is present only in the backarc.  Very 
little is understood about the buffer zone between shortening and extension. 
 
Figure 1.2. Cartoon showing the evolution of the Calabrian subduction zone from 
Malinverno and Ryan [1986].  Apulia is the northern continental block, Africa is 
the southern block and there is a strip of Neo-Tethyan oceanic crust in between.  
As the system migrates, collision occurs along the northern and southern 
boundaries while subduction continues in the middle.   
 
 
Figure 1.3. a) Simplification of Mediterranean tectonic belts after Jolivet et al. [1998].  
Active shortening is shown in red arrows and active extension in white arrows.  
Backarc spreading due to rollback of the Calabrian Arc opened the Liguro-
Provencal and Tyrrhenian Basins over the past 35 My.  The Mediterranean Ridge 
is the frontal thrust of the active Hellenic Arc, also a subduction-rollback system.  
Box b) is a detailed view of the active Calabrian Arc and uplifted forearc 
(Calabria).  Structural and geodetic data show both shortening and extension in 
























































CHAPTER 2: ARC-PARALLEL STRAIN IN A SHORT ROLLBACK-SUBDUCTION 
SYSTEM: THE STRUCTURAL EVOLUTION OF THE CROTONE BASIN 
(NORTHEASTERN CALABRIA, SOUTHERN ITALY) 
 
 




Calabria, located in southern Italy, is the exposed part of the forearc in the 
Ionian/Tyrrhenian subduction-rollback boundary. We present a tectonic model for the 
evolution of Calabria during the last 12 Ma that incorporates the structure and 
stratigraphy of the Crotone basin. At the re-initiation of rollback, we document listric 
normal faults that accommodated a deep-rooted extensional regime. Extension ceased in 
the Tortonian and did not continue throughout rollback. The middle Tortonian to early 
Messinian is characterized by distal sedimentation despite rapid rollback. Westward 
verging thrusts in Tortonian sediments and olistrostrome deposits within the Messinian 
section can be explained by instabilities in the accretionary wedge during the Messinian 
salinity crisis. Tectonic quiescence returned to the basin after the crisis and continued 
until a north-south shortening event in the middle Pliocene. Our kinematic data and new 
evidence of two basin inversions suggest arc-parallel shortening of the forearc. We 
propose that this shortening correlates with the passage of the forearc through the Apulia-
Nubia narrow. This data also dispute previous interpretations of the Crotone basin as a 
pull-apart or transtensional basin. The identification of the main structures in the Crotone 
basin suggest a shift from quiescence to upheaval, beginning with Pliocene arc-parallel 
shortening associated with the passage of the forearc through the Apulia-Nubia narrow 
and continuing until today. 
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1.  INTRODUCTION 
The Calabrian Arc was first interpreted as a subduction- rollback system by Malinverno 
and Ryan [1986], dispelling previous models that relied on vertical motion of the crust. 
Large-scale tomographic and geodynamic studies [e.g., Bonardi et al., 2001; Faccenna et 
al., 2001, 2004; Barberi et al., 2004; Rosenbaum and Lister, 2004] have shown that 
rollback of this system has displaced Calabria at least 1200 km over the last 35 Myr. This 
subduction-rollback occurred in two phases: the early phase opened the Liguro- 
Provençal Basin between 35 Ma and 16 Ma and the second, or Calabrian phase, opened 
the Tyrrhenian Sea (12 Ma– present) [Patacca et al.; 1990; Gueguen et al., 1998; 
Faccenna et al., 2001; Rosenbaum et al., 2002; Nicolosi et al., 2006]. 
The Calabrian subduction system is akin to the Aegean Arc and Betic-Rif Arc, 
which are small, “Mediterranean-type” subduction zones characterized by episodic 
rollback, a complex downgoing plate geometry, and a thick accreting oceanic 
sedimentary sequence [Faccenna et al., 2004]. It has been suggested that episodic 
rollback is related to changes in the rate of African plate motion [Jolivet and Faccenna, 
2000; McClusky and Relinger, 2010]. Interactions and collision with buoyant continental 
lithosphere control the length of these arcs and may also affect their rollback velocity and 
internal structure. Such changing constraints on the subduction regime are generally 
absent from oceanic subduction systems, even those with dimensions similar to the 
Mediterranean arcs, such as the Banda and South Scotia Arcs. Changes in rollback 
velocity and/or lateral constraints will induce changes in backarc, forearc, and 
accretionary wedge tectonics, but what these effects are and in which part of the 
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subduction system they will be felt is poorly understood [e.g., Patacca et al., 1990; Jolivet 
and Faccenna, 2000; Nicolosi et al., 2006; D’Agostino et al., 2008, 2011]. 
As the Calabrian Arc was translated to the southeast, the northern and southern 
edges of the forearc interacted with the irregular continental boundaries of NW-SE 
trending Apulia and E-W trending Nubia. Block rotations along the African coast [e.g., 
Guarnieri, 2004] and Apulia [e.g., Muttoni, et al., 2000] are examples of deformation 
structures typical of the forearc during oblique collision. Strike- slip faulting along the 
boundaries has also been observed along the Sangineto line and Mt. Kumeta-Alcantara 
line (Figure 2.1a) [Ghisetti and Vezzani, 1981]. In this manuscript, we document changes 
in the deformation of the northern part of the forearc basin as it approaches and 
eventually collides with Apulia. By documenting how and when deformation occurs over 
the last 12 Myr, we are able to reevaluate the structures that respond to frontal changes in 
accretion tectonics versus other structures that take up strain during the oblique collision. 
In particular, we are able to establish a “base-line” of forearc deformation to which the 
current Pleistocene deformation can be compared. 
 
2. THE CROTONE BASIN 
The Crotone basin, located in northeastern Calabria, east of the Sila Massif (Figure 2.1) is 
an ideal place to investigate structures associated with episodic rollback and complex 
boundaries. It contains a sedimentary record from the Calabrian phase of subduction-
rollback. Although the stratigraphy of the Crotone basin is well documented [Ogniben, 
1955, 1962; Roda, 1964, 1967; Roveri et al., 1992; Moretti, 1993; Zecchin et al., 2003, 
2004a, 2006; Mellere et al., 2005; Capraro et al., 2006; Barone et al., 2008], the tectonic 
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evolution of the forearc basin remains uncertain. The Crotone basin is partially subaerial, 
but the basin continues offshore to the south and east, merging with what is generally 
considered an active forearc basin [Minelli and Faccenna, 2010]. The Sila Massif and San 
Nicola Fault (SNF) bound the basin to the west and north, respectively (Figure 2.1). The 
transition to arc massif acting as the back- stop to accretion complex occurs just offshore 
northern Calabria [Roveri et al., 1992; Minelli and Faccenna, 2010]. Therefore, according 
to the Dickinson and Seely [1979] classification, the Crotone basin is a constructed basin 
(at least since 12 Ma), where the sediments were deposited unconformably across a 
structural discontinuity between the arc massif (inner basin) and deformed accreted strata 
(outer basin). This boundary, the static backstop [Kopp and Kukowski, 2003], may be 
inactive during a steady state subduction regime, but is likely activated during profound 
reorganizations of the accretion system. This setting is typical for a forearc basin and 
ideal for distinguishing between shallow-rooted, local structures and deep-rooted, 
regional structures that deform the static backstop (Figure 2.2). 
The stratigraphy of the Crotone basin is divided into three sedimentary cycles, 
separated by regional unconformities (Figure 2.3) [Roda, 1964]. The first cycle 
(Serravallian to early Messinian) contains four lithologic units: the San Nicola Formation, 
a basal conglomerate and sandstone; the Tortonian Ponda Formation, a marine sandstone 
deepening to clay and marl that conformably overlies the San Nicola Formation; the early 
Messinian Tripoli Formation, a thin, diatomaceous layer; the Messinian Lower Evaporite 
Formation. The transgressive deposits of the San Nicola and Ponda formations are 
interpreted to correlate with re-initiation of subduction-rollback, ~12 Ma, and basin 
formation. During the early Messinian (7 Ma–6 Ma), marls of the Ponda Formation are 
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interbedded with sapropels and diatomites (Tripoli Fm), signifying the onset of the 
salinity crisis [Krijgsman et al., 1999]. The Lower Evaporite Formation is composed of 
limestone and gypsum [Roda, 1964] and represents the gradual brining of the 
Mediterranean Sea, although the connection to the Atlantic Ocean probably remained 
open throughout deposition [Flecker and Ellam, 2006; Ryan, 2009]. This part of the 
section is largely absent from our field area. An angular unconformity caps this cycle and 
is generally attributed to “mid-Messinian tectonics” [Roda, 1964]. Most recently, this 
unconformity has been interpreted as a consequence of the isostatic readjustment of the 
accretionary wedge following desiccation of the Mediterranean [Cavazza and DeCelles, 
1998]. 
The second tectono-stratigraphic cycle, from the middle Messinian through and 
including the early Pliocene, has four main units: the Detrital Salt Formation, Upper 
Evaporite Formation, the Cavalieri Clay, and the Zinga Formation [Roda, 1964]. The 
evaporite deposits in our work area are largely composed of detrital gypsum and halite 
and we lump them under the title “Messinian units.” The Carvane Conglomerate, a 
fluvial conglomerate, caps the evaporite sequence. The provenance of the Carvane 
Conglomerate is unique: derived from accretionary material to the east, different from all 
other sediments in the Crotone basin, which are sourced from basement rocks to the west 
[Barone et al., 2008]. The Cavalieri Clay marks the end of the salinity crisis and return to 
deep-water conditions. The Zinga Formation is comprised of three unconformity-
bounded sequences [Zecchin et al., 2003]. Zecchin et al. [2004a] determined that 
deposition in each sequence was controlled by listric normal faults and the 
unconformities were caused by NE-trending growth folds, tentatively ascribed to salt 
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diapirism. A widespread angular unconformity caps this stratigraphic cycle and is related 
to a tectonic event in the basin [Roda, 1964; Van Dijk, 1992]. 
One unit, described in detail by Ogniben [1955], does not fit into Roda’s three 
sedimentary cycles: the argille varicolori or accretionary material. This unit crops out at 
different stratigraphic levels throughout the study area and consists of varicolored clays, 
distal sandstones and shales, and fragments of deepwater limestones and igneous rocks. 
Ogniben [1955] interpreted tongues of this unit as orogenic nappes emplaced from east to 
west in addition to having characteristics of an olistrostrome (gravitational collapse). It 
was, according to Ogniben [1955], emplaced in multiple events, during, but also before 
the Messinian; it is not interbedded with post-Messinian units. Accretionary material with 
similar stratigraphic positions crop out along the northern coast of Calabria [Cavazza and 
Barone, 2010]. In southern Calabria, similar units were also identified, but attributed to 
an earlier event in the middle Miocene [Amodio Morelli et al., 1976; Cavazza and 
DeCelles, 1998; Cavazza and Ingersoll, 2005; Cavazza and Barone, 2010]. 
The final cycle (middle Pliocene and Pleistocene) is largely made up of outer-
shelf to slope mudstones of the Cutro Clay. The Cutro Clay is underlain by a 
transgressive sequence of lagoonal to shallow marine deposits (Spartizzo Clay and 
Scandale Sandstone) and is capped by the regressive Strongoli Sandstone. The Strongoli 
Sandstone is the last deposit before the Crotone basin was uplifted above sea level [Roda, 
1964; Mellere et al., 2005; Zecchin et al., 2006]. Lack of sedimentation, however, did not 
necessarily mark the end of the Crotone basin as a fundamental structural feature in the 




We collected structural data from sedimentary rocks in the northern part of the Crotone 
basin (Figures 2.1 and 2.4). Mapping and structural analysis of inverted basins, growth 
structures, and meso-scale stress and strain indicators were combined to distinguish and 
characterize distinct phases in the tectonic evolution of the Crotone basin. We then 
interpreted these events in the context of published regional data and, more generally, the 
evolution of the Calabrian phase of subduction. Our new structural data were collected 
during five field campaigns from 2007 to 2011 and are synthesized in a map and five 
cross sections, shown in Figures 2.4 and 2.12, as well as lower hemisphere, equal area 
stereonet plots in Figures 2.5, 2.7, 2.10, and 2.14. Published geologic maps and 
stratigraphy by the Italian Geological Survey (1958–1962), Roda [1964], and Zecchin et 
al. [2003] provided the base maps for Figure 2.4a. In the titles of the sections below, the 
ages given are meant to be of structures occurring during that time period. 
 
4. SERRAVALLIAN-TORTONIAN STRUCTURES: QUIESCENCE AFTER INITIAL 
EXTENSION AND SUBSIDENCE 
4.1 OBSERVATIONS 
In the Crotone basin, the San Nicola and Ponda formations, together, record 
Serravallian to early Messinian times, 12–6 Ma. Generally, the San Nicola Formation is 
thin, a few tens of meters. We document several syn-depositional normal faults locally 
thickening the San Nicola Formation. These faults have various orientations, but are 
generally striking east-west to northwest-southeast (Figure 2.5). Where exposed, these 
faults are rooted in the basement and extend upsection, locally thickening the Ponda 
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Formation. Figure 2.6 shows 120 m of Ponda Formation exposed in the hanging wall and 
80 m of un-faulted and fine-grained Ponda Fm above the fault. Messinian units crop out 
extensively in the study area, but the deep-rooted normal faults are never seen to displace 
or thicken them. The San Nicola Formation crops out more extensively to the north and 
west, therefore, our sampling of these syn-depositional normal faults is likely to be 
incomplete. 
The San Nicola Fault (SNF), located in the northern part of the study area, is the 
largest of the syn-sedimentary normal faults. Our data and discussion pertain only to the 
southeastern end of the San Nicola-Rossano Fault (SNRF, mapped by Van Dijk [1992]), 
therefore we use the name SNF rather than SNRF to clarify the locations of our 
observations. The SNF is a multistranded fault zone that strikes NW-SE and dips to the 
northeast. It is expressed by a topographic high cored by hundreds of meters of the 
conglomeritic facies of the San Nicola Formation. The SNF juxtaposes San Nicola 
Formation to the north with younger Ponda Formation to the south. The San Nicola 
Formation varies in thickness from 30 m on the south side of the fault (Campana 1 Well, 
Figures 2.1a and 2.4a) to more than 400 m on the north side.  The thickness of this 
formation decreases to 300–350 m at the Scala Coeli Well (Figure 2.1a), which is 20 km 
from the fault zone. 
 
4.2 INTERPRETATION OF SERRAVALLIAN-TORTONIAN STRUCTURES 
 The multidirectional normal faults and fining-upward trend recorded in the San 
Nicola and Ponda formations imply extension and subsidence in the Crotone basin. This 
extensional phase is widespread across Calabria [Vai and Martini, 2001; Mattei et al., 
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2002; Cavazza and Ingersoll, 2005]. In the Crotone basin, these normal faults are rooted 
in basement and terminate upsection in the Ponda Formation. Assuming a relatively 
constant sedimentation rate for the Ponda Formation, we interpret the fault terminations 
to suggest an end to forearc extension in the early to middle Tortonian. Extension and 
drowning of the forearc were, therefore, synchronous with the rifting that separated 
Calabria from Sardinia, suggesting a region of upper-plate extension that affected the 
backarc as well as the entire forearc at the re-initiation of rollback. Extension in the 
forearc did not continue during steady subduction-rollback as evidenced by the fault 
terminations in the Ponda Formation. Although we expect southeastward-directed 
shortening structures generated by accretion, the San Nicola and Ponda formations 
contained only extensional structures. This suggests that at least the internal part of the 
Calabrian forearc basin was shielded from accretion tectonics, possibly by the underlying 
continental fragment and/or the fossil accretion structure inherited from the Lower 
Miocene subduction- rollback phase [Kopp and Kukowski, 2003]. 
The SNF was the largest structure active in the study area during the re-initiation 
of rollback. Thickness changes and fanning of the beds of both the San Nicola and Ponda 
formations toward the SNF are features consistent with sediments deposited in a half 
graben, bounded by a NE- dipping listric normal fault. None of these faults, including the 
SNF, display direct evidence of large transcurrent motion coupled with extension, 
although a component of transcurrent motion cannot be ruled out. Taken together, 
however, the distribution and geometry of these faults (Figures 2.4 and 2.5) is 
inconsistent with a pull-apart or block-rotation model in a transtensional system 
dominated by sinistral motion [e.g., Christie-Blick and Biddle, 1985], as suggested in the 
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literature [Van Dijk, 1992]. We, therefore, propose instead that the Serravallian-
Tortonian phase in the Crotone basin was dominated by deeply rooted extension 
accommodated by syn-sedimentary, listric normal faults. 
During the remainder of the first tectono-stratigraphic cycle, tectonics were 
remarkably peaceful in the Crotone basin. The thick, fine-grained, and sub-horizontal 
Ponda Formation recorded a long period of tectonic quiescence despite very rapid arc 
rollback. This interpretation is sup- ported by Krijgsman et al. [1999], who correlated the 
layering in the Ponda Formation to the 11 kyr precession cycle and documented a gradual 
brining of the sediments in the early Messinian. The small, climate-related variations in 
chemistry they resolve would likely be overprinted by larger changes in sedimentation 
typical in areas with active, local tectonics. The extraordinary peacefulness indicates that, 
during the mid-Tortonian to early Messinian, the forearc basin was unaffected by either 
shortening in the accretionary wedge or extension in the Tyrrhenian Sea. This requires 
localizing extension in the backarc shortly after the re- initiation of rollback and 
maintaining a dynamic equilibrium during rapid, but steady rollback. 
 
5. THE MESSINIAN SALINITY CRISIS: CHANGES IN ACCRETION DYNAMICS 
5.1 OBSERVATIONS 
 Structures in the Carvane Conglomerate and the accretionary material from which 
it is derived yield new insights into the effects of the Messinian salinity crisis on the 
accretion process. The large exposure of accretionary material in the northeast of the 
study area (figures 2.1b and 2.4a) displays coherent structure from the mesoscale to the 
kilometer scale with only rare chaotic structures. A clear structural trend of clay, shale, 
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mudstones, and chert beds display isoclinal folds where well exposed (Figure 2.7). In 
some places, the hinges of the folds have been eroded away, leaving only the stacked fold 
limbs behind. These measurements are compiled into the stereonet in Figure 2.7. The 
pervasive, coherent structure manifests strong west-southwest vergence and large 
amounts of shortening. 
A ridge top quarry exposes a fault contact between the Messinian units and the 
accretionary material (Figure 2.8a). This fault strikes 120°, consistent with the shortening 
direction obtained from the isoclinal folds, but with opposite vergence. The accretionary 
material at this outcrop wedges under a gypsum bed and folds it up, separating it from the 
gypsum bed below. Thrusting involves not only Messinian units, but reaches into the 
underlying Ponda Formation. In Figure 2.9a, Ponda Formation is highly deformed and in 
contact with the accretionary material in one thrust sheet. However, it is well bedded and 
coherent in a higher thrust sheet. A southwesterly transport direction is more evident in 
Figure 2.9b: where Ponda Formation is thrusted over Ponda Formation without 
deforming the clay beds in the hanging wall. The spatial relationship between the two 
thrust contacts is sketched in Figure 2.9c. 
From east to west, the accretionary material becomes thinner and more chaotic, 
losing its systematic structure. In the central part of the study area, the accretionary 
material appears as thin mélange layers wholly within Messinian units (Figure 2.4a, 
northeast of Casabona). This mélange displays the chaotic structure typical of an 
olistostrome. Accretionary material does not appear deeper in the stratigraphy, as we see 
to the east. Therefore, we identify a transition between regionally coherent thrust 
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emplacement and isoclinal folding in the east to chaotic olistrostrome deposits in the 
central part of the study area. 
In addition to the structure in the accretionary material, we mapped several 
outcrops of the Carvane Conglomerate, the uppermost unit of the Messinian. We 
recognized two characteristics of the unit that are ubiquitous in the study area. First, there 
is a systematic fracturing of the cobbles (Figure 2.10, insets). These fractures do not 
propagate into the matrix. En echelon fractures are seen in some of the clasts, but, in 
general, the fractures appear to be extensional joints recording the direction of the 
minimum stress, σ3. The maximum compressive stress, σ1, is in the plane of the fractures 
[Eidelman and Reches, 1992]. The attitudes of the fractures are generally consistent 
within and among outcrops (Figure 2.10). This fracture pattern is remarkably pervasive 
and consistent, but does not propagate up or down section and is prominently absent from 
the San Nicola Formation, a Serravallian, conglomeritic facies similar to the Carvane 
Conglomerate. The second unique feature is that the cobbles in the conglomerate are 
well-rounded and typically 5–20 cm in diameter, as expected in a fluvial deposit. 
However, the matrix is composed of angular, coarse sand. The matrix material also fills 
many of the cracks in the clasts (Figure 2.10, insets). 
 
5.2 INTERPRETATION OF MESSINIAN STRUCTURES 
We identified a transition in the accretionary material from a tectonic 
emplacement in the external part of the forearc basin to a sedimentary olistostrome in the 
internal part. This observation constrains the timing of this event and suggests a possible 
mechanism of emplacement. The sedimentary olistostromes are restricted to Messinian 
	 40	
units. The base of the accretionary unit in the Crotone basin rests directly on top of the 
Ponda Formation and has been interpreted as a pre-Messinian emplacement [Ogniben, 
1955; Cavazza and Barone, 2010]. However, this contact is tectonic and is included in a 
thrust stack that reaches deeper into the Ponda Formation (Figure 2.9b), the emplacement 
must be younger than the hanging wall sediments: Ponda Formation and Messinian units. 
We do not see evidence for an east-west shortening in post-Messinian units, thereby 
restricting this shortening event to the Messinian, coincident with olistostrome deposition 
and the Messinian salinity crisis. DeCelles and Cavazza [1995] and Cavazza and 
DeCelles [1998] link the deposition of Messinian conglomerates in southeastern Calabria 
to changes in taper of the accretionary wedge caused by the Messinian salinity crisis. We 
pursue this idea to account for the accretionary material emplacements. Evaporation of 4 
km of water from the accretionary wedge [Ryan, 2009] likely generated a subcritical 
wedge [Davis, et al., 1983]. In order to restore criticality, backthrusting in the rear of the 
accretionary wedge is expected. This backthrusting reached the external part of the 
forearc basin (eastern part of the study area) generating the west-verging thrust structures, 
opposite from the direction associated with accretion, in the Ponda Formation and 
Messinian units. Thrusting in the east of the Crotone basin is, therefore, constrained to 
occur after the early Messinian. 
The olistostrome deposits in the central part of the study area are found solely 
within Messinian units and suggest a sedimentary origin. We hypothesize that 
backthrusting during the beginning of the salinity crisis created a structural high to the 
east of the forearc basin. Once this high was significant, slope failures generated 
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olistostromes that flowed to the west. These flows would have been discrete events 
during the “normal” detrital gypsum sedimentation, signifying an offshore high. 
Eventually, the entire forearc basin became subaerial, evidenced by the deposition 
of the Carvane Conglomerate. Gravity flows continued to occur during this deposition. 
Interestingly, the direction of shortening from the Carvane fractures is similar to the 
direction of shortening determined from the folds in the accretionary material, suggesting 
a genetic relationship. Since the fractures do not continue in the underlying or overlying 
sediments, we conclude that a pervasive stress event occurred for a short time and at 
shallow depths, when the Carvane Conglomerate was at or near the Earth’s surface. 
Since, most of the fractures are steep (Figure 2.10), we can rule out a causative horizontal 
decompression. We can also rule out an increase in vertical stress (caused by the re-
flooding of the Mediterranean), which predicts steep fractures with variable strikes. 
Therefore, the most plausible cause of the fractures is a pulse of horizontal compression 
parallel to the fractures. The angularity of the matrix suggests that this sandy component 
of the unit was deposited without much fluvial reworking. The injection of the matrix 
into the fractures (Figure 2.10) suggests the juvenile matrix arrived at or during the 
fracturing. Although other hypotheses are possible, we propose that these fractures were 
generated during the flooding of the Mediterranean at the end of the salinity crisis. 
Flooding created a supercritical wedge, which collapsed to restore criticality. High-
velocity submarine flows flowed down the river valleys created during the subaerial stage 
and fractured previously deposited clasts of the Carvane and injected angular matrix into 
the deposit. Downslope transient stresses require fracture orientations that reflect the 
westward drainage pattern from the offshore high, as we see. Our interpretation is 
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summarized in Figure 2.11. There are two other stress events that may have generated 
these fractures: First, a Pliocene shortening event (discussed below) generates a stress 
oblique to the fracture direction and can be ruled out. Second, a Pliocene extensional 
phase [Zecchin et al., 2003] generated a stress regime subparallel to the fractures, but is 
restricted to Pliocene and Pleistocene sediments. 
Late Messinian conglomerates in southeastern Calabria have been studied by 
DeCelles and Cavazza [1995] and Cavazza and DeCelles [1998].  Paleocurrent directions 
and lithologies in these conglomerates show a proximal source to the west, co-located 
with the current Serre Massif.  Massari et al. [2010] document southward paleoflow in 
the Carvane Conglomerate just south of our study area and argue for a “Sila” source. This 
is in contrast with our study area, where lithologies, paleoflow directions, and 
backthrusting argue for a source east of the forearc. In an evaporated Mediterranean Sea, 
there is likely to be a high collocated with Sila and Serre Massifs and is still consistent 
with our model. The combined evidence show that backthrusting during the Salinity 
Crisis had a major effect along the entire Calabrian forearc, but these effects varied and 
merit further investigation of offshore sediments. 
Cavazza and Barone [2010] have proposed strike slip motion along the SNF 
and/or incipient collision of the accretionary wedge with Apulia as possible mechanisms 
for accretionary emplacement in the Messinian. We are skeptical on both counts. The 
thrust sheets involve Ponda Formation and younger cover, but not the basement or San 
Nicola Formation, in which the SNF is rooted. Furthermore, we find no evidence of large 
strike-slip motion on the SNF. Collision of the northern edge of the accretionary wedge 
with Apulia accompanied the southeastward rollback of Calabria, shortened the forearc, 
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and brought the Crotone basin progressively closer to this boundary. Direct effects of the 
collision in the basin would be expected to increase after the Messinian. In contrast, the 
emplacement of the accretionary material into our study area abruptly ends at the 
Miocene-Pliocene boundary. Our data show that the backthrusting is limited to the 
salinity crisis and possibly just to the latest phase of the crisis. This coincidence is 
suggestive of a causal relation considering that the crisis is more than an order of 
magnitude shorter than the 12 Myr duration of Calabrian subduction and accretion and 
because major readjustment of the wedge is expected as a result of the crisis. 
 
6. PLIOCENE ARC-PARALLEL CONTRACTION 
Two, structural and topographic highs dominate the morphology of the study area: 
the San Nicola Fault (SNF) and the Belvedere-Montagna Piana Anticlinorium (BMPA) 
(Figures 2.1b, 2.4a). Both these structures probably accommodated arc-parallel 
contraction during the Pliocene. 
6.1 SAN NICOLA CONTRACTIONAL STRUCTURE: OBSERVATIONS AND 
INTERPRETATION 
 The SNF was described in a previous section as a listric, normal fault bounding a 
half graben to the north and active in the Serravallian-early Tortonian. The current 
morphology and structure, however, suggest a different, more recent deformation event. 
The hanging wall sediments are 200–400 m above the footwall sediments. At the 
southeastern edge of the SNF, the thick hanging wall sediments are folded into an 
anticline (Figure 2.12a). This anticline is difficult to trace along strike due to erosion. 
Similar anticlines are evident in the hanging walls of the other Serravallian-Tortonian 
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normal faults (Figure 2.4b, section D). Along the forward limb of this anticline, basement 
outcrops are juxtaposed with conglomerates of the San Nicola Formation. Both the 
basement slivers, which can be up to a kilometer in length, and the conglomerates are 
highly brecciated, suggesting significant strain. Nevertheless, they are ridge-forming, 
erosion-resistant units relative to the incompetent cover rocks of the Ponda Formation. 
The reverse offset between hanging wall and footwall sediments, the anticlinal 
hanging wall, and the presence of basement slivers along the forward limb of the 
anticline all point to a listric normal fault reactivated in contraction. We interpret the 
basement slivers to be indicative of footwall shortcut geometry. The upper reach of the 
SNF is steep (Figure 2.5), however, the dip of the fault decreases with depth. When 
subjected to a shallow-dipping maximum stress, these faults reactivated as thrusts at 
depth, but were unfavorably oriented so that new faults broke forward into the footwall 
and effectively transferred slivers of the footwall (basement in this case) into the hanging 
wall (Figure 2.12b). Overall, the amount of shortening taken up in this reactivation is 
minor. The spectacular topographic relief of the SNF was formed by a modest, but deep-
rooted, contractional event and differential erosional resistance. 
Timing of basin inversion and contraction of the SNF is broadly constrained to 
post-Messinian and pre- Pleistocene. Messinian units abut the SNF on the south side and 
are well bedded and tilted away from the SNF. No thickness or facies changes are 
detected in the Messinian units or Carvane Conglomerate toward the fault zone, as would 
be expected in syntectonic sediment approaching an active structural high. Furthermore, 
we have argued for a gravitational event in the late Messinian that requires a topographic 
low co-located with the SNF throughout the Messinian. Therefore, basin inversion must 
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postdate the Messinian. On the other hand, such inversion is unlikely to occur in the 
Pleistocene, when deformation in the Crotone basin and in the rest of Calabria is largely 
extensional. These observations restrict the shortening event to the Pliocene, where 
evidence for a deep-rooted contraction already exists [Van Dijk, 1992; Massari et al., 
2010] (and below). Therefore, we propose that shortening along the SNF is coeval with 
the middle Pliocene event as the least-astonishment hypothesis. 
 
6.2 THE BELVEDERE-MONTAGNA PIANA ANTICLINORIUM: OBSERVATIONS 
 The Belvedere–Montagna Piana Anticlinorium(BMPA) is a topographic high that 
rises 100 to 300 m above the surrounding land, located south of the SNF. In map view, it 
curves in a broad arc concave to the southeast and is cut by several river valleys (Figures 
2.1b and 2.4a). Erosion-resistant Zinga Formation forms the topographic high. 
In the western part of the study area, the core of the BMPA is exposed. Figure 
2.13a shows an eroded, asymmetric anticline verging to the northwest and breached by 
the thrust fault at its core. Inset 1 shows sub-vertical Zinga Formation in the forelimb 
atop sub-horizontal Cavalieri Clay. This incompetent clay marks the thrust contact. Zinga 
Formation on the backlimb, east of the anticline core, is flat lying to moderately dipping. 
The fault controlling this fold is coincident with the subhorizontal Cavalieri Clay. In 
order to account for the geometry of southeast limb of the anticline, the exposed fault is 
likely to be the flat updip of a ramp in the subsurface (Figure 2.4b, section A). This fold 
can be traced via bedding and mesoscale contractional structures to the north- east and 
east as fold #1 of the BMPA (Figure 2.4). 
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A second fault-controlled fold (#2 in Figure 2.4) crops out on both sides of the 
Lese River. The fault is within the Messinian units and deformation associated with this 
fault extends into Pliocene sediments (Figure 2.4b, section A). The fold can be traced via 
bedding for a short distance before it merges with fold #1 in the east. This fault is steep, 
suggesting it is an imbricate from the basal thrust. The third and outer- most fold of the 
BMPA is located north of the Lepre River (Figure 2.13b, fold #3 in Figure 2.4). It is at 
the same strati- graphic level as fold #1: steeply dipping Zinga Formation overlies a 
subhorizontal thrust fault, coincident with the Cavalieri Clay. All three of these folds 
require a flat-lying thrust fault in the subsurface that roots them (Figure 2.4b, section A). 
Between folds #2 and #3, we find examples of the older over younger relationship 
expected in a thrust system (Figure 2.4b, section A). The exposure is poor because they 
exist in weak clay layers. The ramps off the basal thrust rarely offset the Cavalieri Clay; 
instead, they become flats within the Cavalieri Clay masking this relationship. 
Continuing updip, thrust faults are exposed deeper in the stratigraphy. In the 
Messinian units, the dominant shortening structures are faults. Their attitudes and 
transport directions are consistent with the folds of the BMPA (Figure 2.14). The most 
spectacular structure of this Pliocene thrust system is a flat-ramp-flat that doubles the 
Messinian section. This structure is best exposed along the Lese River and can be traced 
for 18 km to the east guided by its clear expression in the bedding-controlled morphology 
(Figures 2.4 and 2.15). The ramp is exposed again at the Vitravo River, though the 
transition from ramp to flat is less clear. The Seccata River, further east, exposes the tip 
of a fault that carried a horse from the ramp onto the top flat (Figure 2.16). Another thrust 
sheet covers this horse, suggesting an imbricate system. The strike of this structure is 70° 
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in the west and bends to E-W (84° – 94°) in the east. This arcuate shape mirrors the 
changing strike of the Pliocene bedding that delineates the BMPA to the south. The flat-
ramp-flat structure in the Messinian sediments (Figure 2.15) and the asymmetric folds of 
the BMPA indicate a similar vergence, to the north and northwest. A regional syncline, 
here named the Seccata Syncline (Figures 2.1b and 2.4) is expressed by a bedding-
controlled, topographic low across the study area. The north limb of the Seccata Syncline 
is composed of south-dipping Messinian units and Pliocene sandstones. Down section, 
this structure is coincident with the Messinian ramp. The southern limb of this syncline 
(northern limb of fold #3) is composed of north-dipping Pliocene and conformable 
Messinian strata underneath. 
Other than the regional ramp shown in Figure 2.15, faulting of the Messinian 
units is primarily along bedding or at a very low angle to bedding and is recognized from 
secondary structures. We ascribe the prevalence of bedding shear to the unusual strength 
anisotropy: stronger gypsum sandstone layers interbedded with thin, weak gypsum-clay 
layers. The implied shortening is large. It could be partially absorbed by folding, layer-
parallel shortening, and possibly by syntectonic erosion of the hanging wall. 
The large scale thrust faults and folds involving the Pliocene and older strata are 
widely distributed and suggest overall shortening to the north and northwest and can be 
tested with mesoscale stress and strain indicators in the Messinian and Pliocene units. 
These structures do not take up much of the slip, but are useful for determining the 
orientation of shortening and direction of transport. We measured folds, faults, pressure 
solution fabric (stylolites), extensional joints, drag on foliations, and strain markers in 
Pliocene and Messinian strata to better define the Pliocene shortening event. In general, 
	 48	
the kinematic data from both Messinian and Pliocene structures show a north-south 
shortening event and a northward vergence (Figure 2.14). 
The southern boundary of the BMPA is defined by a sharp morphological shift, 
from elevated and folded lower to middle Pliocene sediments to low-lying, middle 
Pliocene deposits. A late stage normal fault, coincident with the axis of the fold drops the 
southern limb and prevents observation of fold closure. 
 
6.3 BMPA INTERPRETATION 
 The asymmetry of folds #1 and #3 of the BMPA (Figure 2.4) and their 
relationship with the basal thrust are well exposed in the western part of the study area 
and are the basis for the interpretation of the BMPA as a composite contractional 
antiform, rooted by a set of imbricate thrust faults verging north to northwest (sections A, 
B, C in Figure 2.4b). As predicted by classical fault-bend-fold geometry, the bedding 
attitudes on the backlimbs of anticlines are similar to the attitudes of the faults that root 
the folds. Thus, structures can be traced to the east even where they are not well exposed. 
The Seccata Syncline and fold #1 bracket the BMPA and show broadening to the west.  
The data presented in Figure 2.14 support the contention that the anticlinorium is 
a north to northwest verging, contractional structure. Its southern boundary is defined by 
a late-stage normal fault that follows the axis of fold #1 and may be rooted in the basal 
thrust fault of the BMPA, essentially reactivating the proposed ramp in extension. In this 
interpretation, fold #1 is a ramp-flat structure and the BMPA is the fault-bend fold 
associated with this ramp. The buried ramp is possibly reactivating a Serravallian normal 
fault and inverting a basin, similar to the SNF. The proposed buried ramp and the ramp 
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exposed in the Messinian units mark the basal thrust fault rising up-section in the 
direction of vergence. Ramps and imbrications off this main thrust fault fill the flat 
between the two ramps and are responsible for the series of anticline-syncline pairs that 
make up the BMPA (Figure 2.4b, sections A–C). 
Many halite diapirs crop out in the Crotone basin, but are confined to the BMPA 
(Figure 2.4a). The spatial restriction of the diapirs to the BMPA suggests a genetic 
relationship. Zecchin et al. [2003] suggest that extensional tectonics in the Pliocene 
resulted in diapirism, which, in turn, created the folds of the BMPA. Although extension 
cannot be ruled out as a mechanism, we note that halite diapirs occur mostly along the 
Vitravo and Neto River valleys, suggesting widespread halite under the BMPA that rose 
in diapirs along minima in vertical load. 
The shortening event we document correlates with the middle Pliocene tectonic 
event recognized in the literature [Roda, 1964; Van Dijk and Okkes, 1990; Van Dijk, 
1992; Van Dijk et al., 2000; Massari et al., 2010]. But our results challenge both the 
direction and duration of shortening that are usually quoted in the literature. Our data 
point to north-south shortening, which we interpret as a response to arc- parallel 
shortening as the forearc squeezed through the Apulia-Nubia narrow. Van Dijk [1992] 
and Massari et al. [2010] have also recognized N-S shortening structures in the Pliocene, 
but attributed them to transpression along the SNF and smaller scale strike slip faults (see 
Discussion). Zecchin et al. [2003, 2004a] concluded the cessation of this shortening 
occurred the middle Pliocene, prior to deposition of the transgressive Spartizzo Clay. We 
propose a much longer shortening phase continuing into the late Pleistocene.  
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The bedding control on faulting makes it difficult to estimate the amount of 
shortening. Using the estimated thrust front in Figure 2.4a, 2–3 km of shortening can be 
ascribed to the ramp and an estimated 1 km absorbed in the BMPA. In order to estimate 
the contribution of layer parallel shortening, we used the gypsum strain markers (Figure 
2.14a) as strain indicators, assuming an initial spherical shape. A conservative aspect 
ratio of 2:1 in the nodules yields an additional 2 km of shortening. We, therefore, roughly 
estimate 5–6 km of shortening in the Pliocene, excluding the shortening accounted for by 
the buried ramp and possible imbrication in the core of the BMPA. 
 
7. DISCUSSION 
7.1 THE ROLE OF STRIKE-SLIP FAULTING IN THE CROTONE BASIN 
 Many authors follow Van Dijk and Okkes [1991] and Van Dijk [1992] in 
proposing that a pull-apart associated with sinistral faulting oblique to the forearc has 
controlled subsidence in the Crotone basin [e.g., Cifelli et al., 2007;Tansi et al., 2007]. 
This idea is in contrast with the interpretation of a constructed forearc basin that does not 
require a basin- bounding fault and is at odds with our data. The proposed pull-apart 
coincides with a stepover between the sinistral SNF and Petilia Fault (Figure 2.1) and is 
assumed have been active since 12 Ma. Above, however, we showed that the basin 
related to the SNF was to the north of the SNF, not to the south, as the pull-apart model 
predicts. Furthermore, the inversion of such a pull-apart basin [Van Dijk, 1992] would 
require a reversal in motion along the SNF, from sinistral to dextral. A major, dominantly 
transcurrent fault is characterized by local, geometric anomalies causing transpression 
and transtension and leading to both ridges and basins [e.g., Mann, 2007]. In contrast, the 
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entire SNF seems to be affected by two distinct temporal phases: an extensional phase in 
the Serravallian and a shortening phase in the Pliocene. Tectonics is prominently 
quiescent in the Crotone basin during the Tortonian, when subduction-rollback is at its 
fastest. This behavior is inconsistent with an active strike-slip fault bounding the basin, 
but is consistent with the interpretation of the Crotone basin as a forearc basin, where 
sediments can accumulate without large-scale, bounding faults [Dickinson and Seely, 
1979]. The SNF cannot be interpreted as the northern STEP fault of the Calabrian system 
[Govers and Wortel, 2005], since it would only recently have become active and should 
not show deformation in the Serravallian. 
Recent work [Galli and Scionti, 2006; Massari et al., 2010; Speranza et al., 2010] 
documenting strike-slip faulting in the Crotone basin must be acknowledged. These 
works provide compelling arguments for active strike slip faults south and west of our 
study area. Our data do not challenge the conclusion that strike-slip motion has occurred 
in this area. But it is not necessary to invoke crustal scale shear zones generating a pull-
apart to account for block rotation and strike-slip faults. The interpretation of the Crotone 
basin as a forearc basin, sitting above an active subduction zone can readily account for 
rotation, differential uplift and subsidence, and minor faults with variable kinematics. We 
do not challenge transform motion or rotation in the Crotone basin, only that transform 
faults are responsible for the lateral displacement of the forearc. Instead, our data support 
evolution of the basin in a classic forearc setting, subsiding throughout rollback as the 




7.2 CONTRACTION AND THIN-SKINNED EXTENSION DURING THE PLIOCENE 
 In previous work, the deposition of Pliocene sediments in the Crotone basin was 
interpreted to occur in an extensional regime, interrupted by a brief contractional event 
[Roda, 1964; Van Dijk, 1992; Zecchin et al., 2003, 2004a, 2006]. Instead, we propose 
that a deep-rooted contractional event occurred throughout the Pliocene with associated 
surficial extension. The decoupling between tectonic stresses at depth and gravitational 
stress near the surface can be explained by the extreme weakness to bedding parallel 
shear of some of the units. 
Zecchin et al. [2003, 2004a] document growth sedimentation in six, Pliocene-age 
normal fault bounded half-grabens before and after a brief early Pliocene shortening 
event. They assume the shortening event is dynamically incompatible with the 
extensional structures and so postulated two different stress regimes active at different 
times. Alternatively, we propose that the contraction and the extensional growth 
structures are contemporaneous and related. The normal growth faulting is highly listric 
[Zecchin et al., 2004a; Mellere et al., 2005] and underlying Messinian units including the 
Carvane Conglomerate are not deformed in extension. Thus, we propose a shallow rooted 
extension that was probably rooted in the weak Cavalieri Clay. Layer-parallel shear in the 
weak Cavalieri Clay could decouple topographic stress above from the tectonic stress 
below. In our hypothesis, the structural growth of the anticlinorium provided the 
topographic stress, while bedding shear in the Cavalieri Clay led to creep-collapse along 
the flanks of the BMPA. In support of this hypothesis are the following observations: 
First, the grabens are remarkably parallel to the axis of the anticlinorium and are 
concentrated along it (Figure 2.17). Second, nowhere in the our study area did we find 
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evidence of significant normal faulting offsetting the Messinian units, which is generally 
cliff-forming and is, by far, the best exposed section of the Neogene sequence. Third, 
normal faulting on top of active compressional folds has been described elsewhere (e.g., 
thrust top and piggyback basins) [Ori and Friend, 1984; DeCelles and Giles, 1996] and 
may be favored in this case because of the mechanical weakness of the clay units below 
the competent Pliocene sandstones. According to this interpretation, continued growth of 
thrust- top basins is symptomatic of continued folding. We thus propose that the 
shortening event continued to the end of Pliocene when the thrust-top basins ceased to be 
active [Mellere et al., 2005]. 
 
7.3 REACTIVATION OF STRUCTURES 
 Reactivation of pre-existing structures is a key aspect of the deformation history 
in the Crotone basin. Structures related to the SNF and other faults in the Crotone basin 
marking the onset of Calabrian rollback offer classical examples of basin inversions. In 
light of those examples, we tentatively propose a basin inversion along the BMPA (fold 
#1). Another important consequence of fault reactivation is that fault geometry may be 
quite different from the ideal, determined from the tectonic stress direction. Thus, the 
scatter in the strike of faults and folds that accommodated the Pliocene shortening in the 
Crotone basin (SNF and BMPA) may be more relevant to the orientation of pre-existing 
extensional faults than to spatial complexities in the direction of shortening. Our 
kinematic data show a fairly consistent pattern of north to northwest shortening, but 
pertaining mostly to the Messinian and Pliocene rocks. A kinematic analysis of rocks in 
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the SNF zone would test whether this fault was reactivated by the same shortening event 
that generated the BMPA and Messinian Ramp, as we postulate. 
 
7.4 PLEISTOCENE TECTONIC UPHEAVAL 
 Tectonic upheaval during the Pleistocene affects the Crotone basin in multiple 
ways, which are generally consistent with the extension and uplift reported throughout 
Calabria [Dumas et al., 1988; Westaway, 1993; Tortorici et al., 1995; Cucci and Cinti, 
1998; Zecchin et al., 2004b; Dewez et al., 2008]. The most dramatic local phenomenon is 
the uplift of the Sila Massif. We are investigating this uplift with a variety of techniques 
[Reitz et al., 2011], but results will be presented elsewhere. 
 
8. CALABRIAN EVOLUTION FROM THE VIEWPOINT OF THE CROTONE BASIN 
 Structural analysis of the Crotone Basin provides new constraints on the tectonics 
of the Calabrian forearc that aid the development of geodynamic models for the evolution 
of the subduction-rollback system as it passed through the Apulia-Nubia narrow. The 
following tectonic evolution of the Calabrian phase of subduction is derived from 
previous concepts about Mediterranean tectonics, but also specifically incorporates the 
structure and stratigraphy of the Crotone basin (Figure 2.18). 
 Stage 1: Calabria rifted from Corsica and Sardinia in the late Serravallian. 
Although the Crotone forearc basin was far from the axis of spreading, it experienced 
extension and subsidence. This initial extension continued through the coarse, coastal 
sedimentation, but ceased before rapid roll- back opened much of the Tyrrhenian basin. 
The deep-rooted extensional faults persisted as weaknesses in the basement that focused 
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strain during later deformation phases. Stage 2: The Crotone basin experienced little 
tectonism during most of the Calabrian phase of rollback. Collision was occurring at the 
northern and southern edges of the subduction system (formation of the Apennines and 
Maghrebides), but these collisions were still far from the Crotone basin. Tectonic 
quiescence above rapid subduction suggests dynamic equilibrium and a steady state 
rollback regime. Stage 2a: The Messinian Salinity Crisis drastically altered boundary 
conditions on the accretionary wedge. Rapid changes in water loads and pore pressure 
resulted in backthrusting that thickened the wedge and created a structural high abutting 
the Crotone basin to the east. Gravity flows from this high to the west deposited 
olistrostromes west into the forearc basin. Subaerial rivers later flowed westward into the 
basin forming the Carvane Conglomerate. Rapid flooding possibly triggered gravitational 
slides down the river valleys, which generated the fractures in the Carvane Conglomerate. 
After the Messinian salinity crisis, the accretionary wedge presumably resumed dynamic 
conditions similar to before the crisis and the Crotone basin, once again, became isolated 
from accretion tectonics. Stage 3: In the middle Pliocene, the Crotone basin began to 
experience N-S shortening, parallel to the forearc. Two factors may contribute to this arc-
parallel shortening: Progressive collision and tectonic erosion along the outer flanks of 
the forearc would have brought the Crotone basin close to collision with Apulia in the 
Pliocene. In this case, the arc-parallel shortening would have been con- fined to the 
Crotone basin and adjacent regions.  Alternatively, or in addition, rapid narrowing of the 
sub- ducting slab forced longitudinal shortening of the forearc as the system squeezed 
through the Apulia-Nubia narrow. In this case, we expect the arc-parallel shortening to be 
a regional event that affected the entire Calabrian forearc. Stage 4: The mid-Pleistocene 
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uplift may be related to the passive widening of the subducted slab southeast of the 
narrow. Once through the Apulia-Nubia narrow, widening of the subducted slab requires 
active, arc-parallel extension of the forearc; essentially the reverse of what we proposed 
for the Pliocene. This extension is concentrated in the arc- perpendicular basins, forming 
a boudinage of the forearc. This interpretation also implies that subduction has not ended 
[Westaway, 1993; Rizzetto et al., 2004; Neri et al., 2009], but has passed the chokepoint. 
 
9. CONCLUSIONS 
1. Backarc extension and subsidence during re- initiation of subduction-rollback 
in the Serravallian-Tortonian reached into the forearc as far as the Crotone basin. 
Faults associated with this extension penetrate basement below the basin and 
some were later reactivated in contraction. 
2. Tectonic quiescence characterizes the Crotone basin during most of the 
Calabrian phase of rollback. The forearc rode passively above the retreating 
megathrust for 6 Myr and 200 km with little to no internal deformation. This 
suggests a dynamic equilibrium of the subduction-rollback regime and challenges 
previous interpretations of distinct phases of backarc extension coupled to phases 
of forearc extension. 
3. In the late Messinian, a structural high developed offshore, east of the Crotone 
basin and accretionary material was backthrusted onto the outer part of the basin. 
Olistos- tomes reached more interior parts of the basin. The direction of 
emplacement is sub-parallel to systematic fractures in pebbles of the Carvane 
	 57	
Conglomerate. The Messinian Salinity Crisis was likely to induce changes in 
accretionary wedge dynamics that caused these phenomena. 
4. The Crotone basin experienced a shortening event with N to NW vergence 
during the Pliocene. The direction of shortening is sub-parallel to the trend of the 
forearc and is highly oblique to the accretion direction. The passing of the 
Calabrian forearc through the Apulia-Nubia narrow can account for the arc-
parallel shortening in the Pliocene. 
5. Faulting in the Crotone basin is dominated by the basement-rooted normal 
faults formed at the onset of sedimentation. These faults are later reactivated in 
contraction. The short pulse of westward backthrusting from the accretionary 
prism is shallow rooted. These structural phases are consistent with a forearc 
basin of a subduction system, but are inconsistent with a pull-apart or 
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Figure 2.1. (a) The main tectonic features around Calabria, including the Pleistocene arc-
parallel basins (Crati and Mesima) and arc-perpendicular basins (Sibari, 
Catanzaro, Messina). The Sila Massif is the square-shaped, topographic high in 
northern Calabria. The forearc basin, as defined by Minelli and Faccenna [2010] 
is outlined in black. Also shown are the two strike-slip faults (SNRF and Petilia) 
hypothesized by Van Dijk [1992] to control deposition and deformation in the 
Crotone basin; this work investigates only the southeastern part of the SNRF, here 
called the SNF. The box is the outline of the study area. Inset: shows regional 
topography as well as GPS velocities from D’Agostino et al. [2008]. Nubia and 
Adria velocities are shown in an European reference frame, while Calabria is 
shown with a Nubia reference frame. (b) A GeoMapApp image of the study area 
highlights the morphology and main tectonic features: Linear topographic features 
to the north mark the SNF, the BMPA is highlighted in the south by an anticline-
syncline pair (arrows). White boxes show the locations of figures throughout the 
manuscript. 
 
Figure 2.2. Evolution of Tyrrhenian basin during the Calabrian phase of subduction-
rollback, adapted from Gvirtzman and Nur [2001]. Constraints on the synrift 
sediments, magmatic arc, and oceanic crust are compiled from Rosenbaum and 
Lister [2004]. The tectonic features and location of Calabria, itself, are changed 
slightly according to our interpretation of data presented in this manuscript. 
Coupling between the backarc and forearc may have been easier at the re-
initiation of rollback, when the distance between the two was at a minimum; the 
“syn-rift” sediments are not confined to the backarc, sedimentation occurred 
throughout the forearc and backarc during rollback, but the deformation and style 
of sedimentation are likely different in these two distinct tectonic settings. 
 
Figure 2.3. Summary of the stratigraphy in the Crotone basin, focusing on pre-
Pleistocene times and on units that pertain to our structural data. Sedimentary 
cycles discussed in section 3 are shown on left with names and interpretations of 
units that guided us in our interpretations [Roda, 1964; Zecchin et al., 2004a]. The 
last column contains the terminology used in this manuscript and its relation to 
the literature. 
 
Figure 2.4. (a) Data compiled from our field campaigns (2007–2011); base geology map 
after Zecchin et al. [2003]. BMPA contains three anticlines (1, 2, 3 labeled) that 
converge to the east; SNF bounds the Crotone basin in the northwest. The red 
dotted inset shows details in the area west of the Lese River. The locations of the 
cross sections are on the inset map at the top. The unit descriptions are in Figure 
3. The color key is the same as in the cross sections. (b) Cross sections show the 
main structures in the study area at 1:1 scale. All sections are constrained by 
bedding attitudes near the sections, which are projected on the cross sections at 
the appropriate elevations. D = halite diaper. For section A, the BMPA is 
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interpreted as a fault-bend fold rooted in a ramp marking the SE flank of the 
BMPA. This fault is reactivated as a normal fault in the Pleistocene (see text). The 
flat above this ramp continues until the Lese River, where it ramps upsection. 
Smaller thrust faults branch off this main thrust generating anticlines in the 
Pliocene and Messinian sediments. Circled regions show outcrops with an older 
over younger relationship (inset in Figure 4a). Section B is based on exposures 
along the Lese and Vitravo rivers. It highlights the Seccata Syncline, the ramp 
through the Messinian section, and a normal growth fault through the 
Serravallian-Tortonian sequence (at 3500 m and Figure 5). The normal fault 
coincides with the base of the ramp and may have nucleated it. The imbrication is 
inspired by the outcrop in Figure 16. In section C, blind faults in this section are 
inferred from anticlines. Sections A and B are based on outcrop evidence. These 
faults become blind, but the related folding can be traced to the east. Also, folds 1, 
2, and 3 merge into a single anticline along the SE flank of the BMPA that, with 
the Seccata Syncline, dominate the morphology. Section D crosses the SNF and 
shows its multiple branches. Most faults were originally normal growth faults, 
evidenced by the thickened San Nicola Formation in their hanging walls. Some of 
them have been reactivated as thrust faults forming mesoscale hanging wall 
anticlines or inverted basins, which are marked in the section. 
 
Figure 2.5. Simplified map of the field area, highlighting the Serravallian-Tortonian 
normal faults. They are rooted in the crystalline basement and are syndepositional 
with the San Nicola Formation. The faults are multidirectional and do not define a 
clear direction of extension. Inset: Photo of western-most fault showing fault 
activation in the Tortonian and the spatial correlation of this fault with the 
Pliocene contractional ramp in the background. 
 
Figure 2.6. Serravallian-Tortonian normal fault (inset 1).  Despite thickness changes 
across the fault, flat-lying Ponda Formation and Messinain units above the fault 
(inset 2) show this extensional faulting ended in the early to middle Tortonian. 
 
Figure 2.7. Example of isoclinal folds in the accretionary material emplaced onto the 
Crotone basin. The hinges of many of the folds have been obliterated by the 
extreme strain, but the limbs are clear. 46 limb attitudes on equal area, lower 
hemisphere stereonet projections are from seven widely distributed outcrops. The 
consistent stacking orientation of these beds manifest a strong west-
southwestward shortening and vergence. 
 
Figure 2.8. Contact between accretionary material and Messinian units. Accretionary 
material is thrusted under the lighter Messinian unit, which is folded upward. 
 
Figure 2.9. Westward emplacement onto the Crone basin of accretionary material and 
Ponda formation by stacked thrust sheets. (a) Ponda Formation over accretionary 
material in a thurst, not a sedimentary or olistrostromic contact, which allows for 
a Messinian age of emplacement. (b) WSW verging thrust fault within the Ponda 
Formation consistent with the vergence from the isoclinal folding of accretionary 
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material, Figure 7. (c) Section subparallel to transport direction showing the 
relative positions of Figures 9a and 9b. 
 
Figure 2.10. Systematic fractures in Carvane Conglomerate pebbles. Insets are photos of 
extensional joints and matrix injection typical of the clasts in the Carvane 
Conglomerate. Simplified field map shows the locations of the 11 outcrops from 
which we collected fracture orientations, which data are plotted on equal area, 
lower hemisphere stereonet projection. The strike of the extensional joints, NW-
SE, is similar to the direction of emplacement of the accretionary material, 
suggesting a causal relation. 
 
Figure 2.11. A three-stage conceptual model of accretionary wedge dynamics in response 
to the Messinian salinity crisis. This model accounts for: isoclinal folds in the 
accretionary material (Figure 7); westward thrust emplacement of accretionary 
material and its sedimentary cover up to the Messinian units (Figures 8 and 9); the 
olistrostrome deposits and possible injections within the Messinian units (Figures 
4a and 8); and for the systematic fractures in the Carvane Conglomerate (section 
6). 
 
Figure 2.12. The San Nicola inverted basin at the southern-most exposure of the SNF. 
The section schematically shows gradual increase in thickness from the Scala 
Coeli well southward to the SNF and the dramatic decrease in thickness on the 
footwall side across the fault. This syntectonic sedimentation spans the San 
Nicola and lower Ponda formations. Messinian units next to the fault shows no 
evidence of thickness or facies transitions. Thus, the basin-forming extension 
wanes before the Messinian and thrust reactivation starts afterward. 
 
Figure 2.13. (a) Fold #1 exposes the core of the BMPA along the Neto River. The 
Pliocene sandstones define an asymmetric anticline with a gently dipping SE limb 
and a subvertical NW limb (inset 1). Messinian beds are conformable to the 
Pliocene beds, but become very deformed in the core of the anticline (inset 2). (b) 
Fold #3, in the far NW of cross-section A, appears at the same structural level as 
Fold #1, high- lighting the consistency of the structure throughout the study area. 
It is one of the few exposures of older Messinian rocks emplaced on top of 
younger Pliocene rocks. 
 
Figure 2.14. Mesoscale shortening structures in Pliocene and Messinian units. (a) Field 
examples of structures and a GeoMapApp image of the observation sites, 
distinguishing between structures that give vergence and those that give 
shortening. (b) Lower hemisphere, equal area stereonet projections of the 
kinematic indicators in each class of structures. They are color-coded to show 
which are shortening structures and which are vergence indicators. Strain 
ellipsoids are a measurement of the long axis of the nodules and show a wide 
range of orientations. The black petals show where the orientations cluster since it 
is unclear just from the data. 
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Figure 2.15. A flat-ramp-flat structure that effectively doubles the Messinian section is 
clearly exposed along the Lese River (Figure 2b). Line drawing of photo directly 
below. Inset: a view north along the Vitravo River gorge, cutting through the 
ramp-controlled morphology of the study area. 
 
Figure 2.16. Pervasive bedding parallel shear within the Messinian units is manifested by 
a subtle, upsection cut by a fault near its tip. This fault and the roof thrust above it 
delineate a horse updip from the ramp, probably one of many in an imbricate 
system that accounts for substantial shortening. 
 
Figure 2.17. Spatial relationship between the Pliocene shallow rooted faults and half-
grabens mapped by Zecchin et al. [2004a] and the shortening folds of the BMPA. 
Extensional structures are concentrated on the structural highs caused by the 
contraction and folding. This correlation supports the hypothesis that superficial 
normal faulting and deep-rooted shortening are synchronous. Thus, the late 
Pliocene extension may signal contraction into the late Pliocene rather than 
excluding it. 
 
Figure 2.18. Evolution of the Calabrian Forearc. (top left) Stage 1: Large-scale extension 
in both backarc and forearc of the system. Most of Calabria was submerged and 
active accretion was not affecting the Crotone basin at this stage. (top right) Stage 
2: Forearc basin extension wanes. Rollback-driven progressive oblique collisions 
with Apulia and Nubia continued to shorten the forearc, but did not yet affect the 
Crotone basin. The Messinian salinity crisis destabilized the wedge, which 
backthrusted onto the Crotone basin. (bottom left) Stage 3: The effects of 
progressive collision with Apulia were finally recorded in the Crotone basin 
beginning in the early Pliocene as the arc squeezed through the Apulia-Nubia 
narrow. This manifested as a N-S shortening in the Crotone basin. (bottom right) 
Stage 4: The Calabrian Arc has passed through Apulia-Nubia narrow. As the 
subducting Ionian lithosphere widened, the forearc stretched longitudinally to 































































































































































































































































MID-QUATERNARY BASEMENT THRUST IN THE CALABRIAN FOREARC, 
SOUTHERN ITALY, MODELED FROM RIVER MORPHOLOGY AND 10BE 
EROSION RATES 
 
Margaret Reitz, Michael Steckler, Leonardo Seeber, and Jörg Schäfer 
 
ABSTRACT 
 The Calabrian Arc is a subduction-rollback system that has swept across the 
Western Mediterranean since ≈35 Ma.  During the Calabrian phase (12 Ma to present), 
780 km of southeastward rollback opened the Tyrrhenian Sea in its backarc and formed 
the Apennines and Maghrebides by oblique collision.  Excluding the tectonic response to 
the Messinian Salinity Crisis, the Calabrian forearc was quiescent during this period of 
rapid rollback.  In contrast, since the Middle Pleistocene rollback slowed and the forearc 
experienced a surge of tectonic activity including 15-20° of clockwise rotation, arc-
parallel extension forming arc-normal basins, and widespread uplift.  This rapid and 
continuous uplift (1-1.2 mm/yr) has affected the entire forearc and is striking because 
subduction is presumed to be ongoing.  This contrasts with slower rates of uplift in 
regions of arc-continent collision on either side of Calabria.  We apply a novel approach 
to constrain the timing and mechanism of uplift.  Interfluves between river gorges on the 
east side of the Sila Massif preserve a tilted paleosurface, which we interpret as a time-
equivalent surface formed in the Serravallian (13.7 Ma – 11.6 Ma) that was subhorizontal 
until post-early Pliocene (post-5 Ma).  The history of uplift and river incision is 
reconstructed using a forward numerical model.  The validity of the model is tested using 
the elevation of the paleosurface above the modern river profile and 10Be-determined 
erosion rates at different locations along the river.  We test two end-member structural 
growth models of uplift: tilting from a fixed hinge and tilting from a propagating hinge.  
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The propagating hinge model generates a better fit with the modern river profile and the 
10Be-determined erosion rates.  We interpret the uplift to be a result of an active fault-
bend fold structure, verging to the west and beginning between 800 ka and 900 ka.  This 
age range is consistent with the onset of Pleistocene uplift determined from marine 
terraces and supports the hypothesis that the drainage of the Sila Plateau has only recently 
been isolated from the coast.  This new approach, combining structural field mapping and 
10Be-determined erosion rate river transects bridges the gap between structural geology 
and geomorphology and may provide a powerful tool in quantifying young and active 
orogens elsewhere, such as the Himalayas and the Andes. 
 
1. INTRODUCTION 
Dating young and active structures has always been a challenge in studying active 
plate boundaries and neotectonics, yet is of vital importance when trying to forecast 
future hazard.  Promising developments have occurred in the field of tectonic 
geomorphology and, in particular, quantifying river erosion rates as a proxy for uplift 
rates [Brown et al., 1995; Bierman and Steig, 1996; Granger et al., 1996].  Peneplains, 
paleosurfaces, and relict surfaces have long been recognized as reference horizons to 
quantify the interaction between tectonics and topography by marking the transition from 
an old, equilibrated landscape to a newer landscape affected by younger and different 
tectonics [Davis, 1899; King, 1953; Fairbridge et al., 1980].  Combining erosion rates 
with the quantification of a time-equivalent paleosurface offers constraints on both rate 
and age of an uplift event.  Schoenbohm et al. [2004] and Clark et al. [2006] inferred an 
uplift history by comparing thermochronologic exhumation rates to river incision below a 
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regional paleosurface.  The approach is problematic where uplift and incision are young 
because thermochronologic data from rocks affected by the current ongoing exhumation 
may not yet be exposed at the surface.  Furthermore, interpretation of uplift history is 
limited if a time-equivalent paleosurface cannot be identified.  A time-equivalent 
paleosurface is a paleosurface in which the formation mechanism is known and its 
formation can be reasonably dated [Widdowson, 1997].  Menendez et al. [2008] and 
Ferrier et al. [2013] recognized volcanic domes as time-equivalent surfaces and were able 
to date growth of the domes from incision of rivers into the domes.  More detailed 
comparisons of paleosurface morphology with structural growth models have been 
limited by identification of a time-equivalent paleosurface or direct measurements of 
erosion [Widdowson, 1997; Brocklehurst and Whipple, 2002].  
One method of determining direct measurements of erosion rates is the 
measurement of denudation rates from cosmogenic radionuclides in river sediments [e.g., 
Granger et al., 1996].  Cosmogenic Radionuclides (CRNs) are produced by the 
interactions of cosmic rays with minerals on the Earth’s surface and accumulate in near-
surface soils, sediments, or rocks.  The amount of time soil, sediments, or rocks have 
been exposed at the surface of the Earth can be determined by using the local production 
rate of a CRN and its measured concentration [Lal, 1991].  This technique was then 
expanded to river sediments in the late 1990s to determine erosion rates over a larger 
area, due to the observation that point erosion rates vary widely.  This application relies 
on the assumption that rivers naturally average the concentrations of CRNs from the 
bedrock surfaces throughout its drainage area [Brown et al., 1995; Bierman and Steig, 
1996; Granger et al., 1996].  Improvements in both the analytical chemistry and mass 
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spectrometry within the last 15 years have allowed precise measurement of very low 
concentrations of 10Be, which has made it the preferred CRN for many geomorphic 
studies.  Precise measurement of low concentrations opened the door for new 
applications of the technique to young and actively uplifting and eroding regions [e.g., 
Cyr and Granger, 2008; DiBiase et al., 2010; Palumbo et al., 2011; Olivetti et al., 2012].  
These studies focused on geomorphological interpretations noting that areas of increased 
10Be denudation rates correlated with the increased steepness and decreased concavity 
that occurs with knickpoint generation.   
In this manuscript, we explore a technique that links structural geology to 
geomorphology by reconstructing the uplift history of a tilted and deformed paleosurface 
and erosion into this surface as it is differentially uplifted.  While the widespread nature 
of the uplift is likely linked to a deeply rooted mechanism, differential horizontal motion 
within the forearc may account for local differences in the pattern of uplift.  We focus on 
the Sila Massif (Fig. 1), the largest basement massif in Calabria, because it has the most 
well-defined, low relief relict surface, the most exposure of the basal unconformity, and 
the most previous work from which we can draw.  We map a time-equivalent 
paleosurface, quantify erosion, and then model the structure and age associated with its 
deformation.  The model can distinguish realistic space-time patterns of uplift and 
structural growth from unrealistic ones and may be widely applicable in actively uplifting 






2. TECTONIC SETTING 
The Calabrian Arc is one of three subduction-rollback systems in the 
Mediterranean Sea.  Calabria, the toe of the boot of Italy, is the exposed part of the 
forearc in this system.  Subduction began at ≅35 Ma and backarc spreading has led to 
southeastward displacement of 1200 km to its current location [Malinverno and Ryan, 
1986; Faccenna et al., 2001].  Collision of the Calabrian Arc with Apulia in the north and 
Africa in the south has led to the formation of Apennines and Maghrebides, respectively.  
Between collisional zones, subduction under Calabria is presumed to be ongoing as a 
subducting slab is illuminated by earthquakes and imaged by seismic tomography 
[Barberi et al., 2004; Neri et al., 2009].  Thomson [1994] used zircon and apatite fission 
tracks to confirm major exhumation events of the Calabrian basement between 35 Ma 
and 15 Ma.  Since then, as Calabria rolled back to its current location, forearc tectonics 
was characterized by tectonic quiescence (excluding events associated with the Messinian 
Salinity Crisis [Molin et al., 2004; Olivetti et al., 2012; Reitz and Seeber, 2012]) up until 
a Pleistocene upheaval. 
 In the Pleistocene, marked changes in tectonic style have been documented 
throughout the forearc with no consensus on the mechanism.  Data from marine terraces, 
Gilbert-type fan deltas, and river terraces suggest that there has been vertical uplift of 1 – 
1.2 mm/yr throughout the forearc [Barrier et al., 1986; Cosentino et al., 1989; Westaway, 
1993; Cucci and Cinti, 1998; Tortorici et al., 2003; Zecchin et al., 2004; Dewez et al., 
2008; Stark et al., in prep].  This uplift is preserved in the morphology of the forearc, 
with high-standing, low relief plateaus at 1150 - 1250 m (Sila, Serre, and Aspromonte in 
figure 3.1) that have been isolated from the stream network until very recently [Molin et 
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al., 2004].  Olivetti et al. [2012] conducted a detailed study of river morphology, 
catchment-wide denudation rates, and paleo-longitudinal river profile modeling and 
proposed two phases of uplift in the Pleistocene, with an increase in uplift rate occurring 
around 0.4 Ma – 0.3 Ma.   
 The hypotheses for uplift from these data are generally subduction scale 
mechanisms such as: 1) slab breakoff and isostatic rebound [Westaway, 1993]; 2) inflow 
of asthenospheric material that accompanies rollback [Gvirtzman and Nur, 2001; 
Doglioni et al., 2007]; 3) a steepening subduction slab causing bending or buckling in the 
forearc [Piana Agostinetti et al., 2009]; 4) underplating of 10 km of sediment during 
subduction [Piana Agostinetti et al., 2009].  The first two mechanisms have since been 
proven unlikely.  Tomographic studies show an intact slab from underneath Calabria all 
the way to the 660 km discontinuity [Barbieri et al., 2004; Neri et al., 2009] and receiver 
function modeling of crustal structure beneath Calabria, rules out an asthenospheric 
tongue beneath the high-standing plateaus [Piana Agostinetti et al., 2009].   
 None of these deeply seated and large-scale mechanisms addresses the spatial and 
temporal variations in uplift rates that have been documented around Calabria and show 
that, in general, uplift rates are higher in the east as compared to the west, and higher in 
the north as compared to the south [Dumas et al., 1993; Westaway, 1993; Cucci and 
Cinti, 1998; Cucci, 2004; Zecchin et al., 2004; Ferranti et al., 2006; Filocamo et al., 2009; 
Olivetti et al., 2012].  Furthermore, they do not take into account other tectonic changes 
that occur contemporaneously with the uplift.  Paleomagnetic data show a 15-20° 
clockwise rotation of Calabria since the early Pleistocene [Cifelli et al., 2007; Mattei et 
al., 2007; Speranza et al., 2010].  Magnetic data show that backarc spreading ceased in 
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the Pleistocene [Patacca et al., 1990; Nicolosi et al., 2006], but not in the forearc 
[D’Agostino and Selvaggi, 2004].  Field data also show Pleistocene extension across the 
forearc, manifested by growth of arc-parallel basins bordered by N-S striking normal 
faults [Tortorici et al., 1995; Monaco and Tortorici, 2000].  Lastly, arc-perpendicular 
extension coupled with transcurrent motion has occurred at the Sibari, Catanzaro, and 
Messina basins (Fig. 3.1) [Tansi et al., 2007; Del Ben et al., 2008].  
 
3. METHODS AND APPROACH 
We present a novel, multidisciplinary approach to constrain the Pleistocene uplift 
history of the Sila Massif.  First, we use field geology to identify and map a dipping 
paleosurface, which we call the Sila Surface.  Then, we apply tectonic geomorphology 
and geochemical methods to determine modern erosion rates in the river canyons that 
dissect this paleosurface.  Finally, we model differential uplift and canyon erosion into 
the paleosurface through time to restrict the age of the start of uplift and the structural 
growth that generate the deformed Sila Surface. 
 A note about nomenclature: the terms ‘paleosurface’ or ‘relict surface’ have a 
wide variety of meanings in the literature: see Widdowson [1997] for a detailed review of 
the definitions.  In this manuscript, we use the term ‘paleosurface’ as a broad term, 
simply meaning an ancient surface.  We make a distinction between two paleosurfaces: 
the top of the Sila Massif, commonly referred to as the Sila Plateau, is an old erosional 
landscape with isolated, mature drainage suggesting uplift without tilting [Molin et al., 
2004; Olivetti et al., 2012].  In contrast, the Sila Surface, a key element in this 
manuscript, is a dipping unconformity that merges with the Sila Plateau.  It is, therefore, 
	
	 90	
a geologic surface as well as a planation surface a la Widdowson [1997] that requires 
tilting.  This distinction is vital because the two paleosurfaces present contrasting 
interpretations of uplift: the Sila Surface suggests tilting, while the Sila Plateau implies 
vertical uplift.    
 
4. THE SILA SURFACE 
Pleistocene deformation of the Calabrian forearc is almost entirely described in 
terms of the uplifted marine terraces and the basins adjacent to the uplifting regions.  
Therefore, mechanisms for uplift have focused on the vertical component.  During field 
campaigns between 2007 and 2012, we identified a prominent structural feature on the 
east side of the Sila Massif that deforms sediments as young as Pliocene in age.  This 
structural feature (the Sila Surface) is a tilted unconformity between the Hercynian 
basement and the sedimentary sequence of middle Miocene to Pliocene sandstones and 
shales that record the Calabrian phase of rollback (12 Ma - present, Fig. 3.2).  The Sila 
Surface is described here for the first time and implies differential uplift rather than 
vertical uplift as the means of deformation of the east side of the Sila Massif. 
The Sila Surface is an unconformity that formed as a result of the exhumation of 
the Calabrian basement units during a hiatus in rollback of the Calabrian subduction 
system between 18 Ma to 15 Ma [Thomson, 1994].  Deposition of the basal conglomerate 
has been associated with regional and rapid subsidence of the forearc, coeval with the re-
initiation of subduction-rollback [Roda, 1964; Zecchin et al., 2006; Reitz and Seeber, 
2012].  This unconformity is exposed along the eastern edge of the Sila Massif and in the 
	
	 91	
Crati valley, west of the Sila Massif, but not on the western flank nor on the Sila Plateau, 
where it was presumably eroded. 
On the eastern flank of the Sila Massif, the basal unconformity is exposed at 
elevations between 130 m and 850 m and has a regional dip of about 10°.  The basal 
conglomerate is generally thin (1-10m) with bedding parallel to the unconformity.  It 
onlaps the bedrock only locally where the unconformity has significant relief.  A number 
of synsedimentary normal faults result in thickness variations in the Tortonian sediment 
[Reitz and Seeber, 2012].  However, the structural relief associated with these growth 
faults forms only minor perturbations superimposed on the 10° dipping Sila Surface.   
Tortonian, Messinian, and early Pliocene-age sediments above the basal 
conglomerate form a relatively thin, conformable sequence near the base of the east flank 
of the Sila Massif [Roda, 1964].  These sediments are now tilted 10° with the 
unconformity (Fig. 3.2) [Reitz and Seeber, 2012].  Except for the unique sedimentation 
that occurred during the Messinian Salinity Crisis, facies of the basin fill are dominantly 
low-energy marine until the Middle Pliocene, with no systematic change in facies or 
sediment size from west to east [Roda, 1964; Reitz and Seeber, 2012].  Yet these 
sediments are sourced from Sila basement rock [Barone et al., 2008], suggesting some 
low relief exposure of the Sila Massif and erosion of the unconformity synchronous with 
Miocene and Pliocene sedimentation.   
On the eastern flank, we mapped the unconformity within river valleys at lower 
elevations and on the interfluves up to about 850 m.  Above and below this elevation on 
the interfluves, crystalline bedrock and the basal conglomerate are exposed, but they are 
geomorphically indistinguishable, meaning it is a reasonable assumption that the tilted 
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unconformity continued at elevations where it is now eroded.  Above 850 m, the slope of 
the Sila Surface gradually decreases and merges with the low relief top of the Sila Massif 
at about 1250 m.  The unconformity is missing from the Sila Plateau despite the low 
relief and low modern-day erosion rates.   
The 10° monoclinal dip persists to the east in the sedimentary package, even 
though the unconformity plunges beneath the surface (Fig. 3.2).  The regional eastward 
dip flattens abruptly a few hundred meters east of where the unconformity dives below 
the surface, with no associated facies or structural changes in either the Messinian or 
Pliocene sedimentary sequence [Reitz and Seeber, 2012].   
From the geographic coordinates of our field data points of the Sila Surface (Fig. 
3.1), we loaded each data point onto a DEM in ArcGIS.  We interpolated between the 
points using the Kriging Method to connect the Sila Surface across the Neto River, where 
it has been eroded.  By extracting the elevation data of the Sila Surface along the Neto 
River, we are able to visualize the Sila Surface in the same reference frame as the 
longitudinal profile (Fig. 3.3, inset).  It is important to note that these interpolated data 
points follow the Neto River and are not an E-W profile across the Sila Surface.   
The combined geomorphic, structural, and sedimentary observations described 
above inform the “Sila Surface”.  We propose an erosional, sub-horizontal, and time-
equivalent surface that was subsequently uplifted and deformed into its current shape and 
position.  The deformation event that caused the tilting of the Sila Surface must be 





5. CATCHMENT-WIDE DENUDATION RATES FROM 10BE IN RIVER SEDIMENT 
The 10° dip of the Sila Surface cannot be generated by a uniform uplift, but 
requires a differential uplift across the surface.  Deep canyons of the Neto River dissect 
the Sila Surface (Fig. 3.2).  The depth of these canyons depends on the integrated effect 
of river incision, which, in turn, depends on the pattern of uplift through time.  
In order to constrain how current erosion might vary across the Sila Surface, we 
collected a transect of 8 samples from the Neto River (Fig. 3.1 and Table 3.1) to measure 
10Be concentration in the sediment.  From these data, we determined catchment-wide 
denudation rates upstream of each sample point and then resolved denudation rates for 
the reaches between them [e.g., Granger et al., 1996].  In the part of the catchment where 
these steep canyons are located, there is very little erosion of the interfluves (evident by 
the preservation of the Sila Surface).  Therefore, we assume that the subcatchment 
denundation rates are comparable to incision of the canyon.   
10Be concentrations range from 1.15x104 to 1.63x105 at/g, corresponding to 
erosion rates of 958 m/Ma to 70 m/Ma, respectively; results are shown in Table 3.1.  
They are consistent with previous work on other rivers of the Sila Massif [Cyr, 2008; 
Olivetti et al., 2012], but offer a more detailed pattern of denudation within one of the 
main river systems draining the Sila Massif.  In accordance with the geomorphic setting, 
we see the highest erosion rates in the steepest canyons and the lowest erosion rates on 
the low-relief top of the Sila Massif (Fig. 3.3).  The highest erosion rate (CAL-10-03) is 
located in the center of the Neto River and disrupts the pattern of increased erosion from 
the headwaters to the canyon and then decreased erosion once downstream of the canyon.  
Although CAL-10-03 is an anomalously high erosion rate in this dataset, this rate 
	
	 94	
comparable to other 10Be erosion rates from the steep flanks of the east side of the Sila 
Massif [Olivetti et al., 2012].  We hypothesize that this sample has a higher erosion rate 
than the other samples because it is composed largely of gravel and pebble size sediment 
grains.  10Be-determined erosion rates rely on the assumption that the grains in the 
sediment sample are an average of all upstream sediment.  This assumption is valid as 
long as the sample is composed of sand-sized grains.  If residence time in the river 
system is low, the gravel size fraction usually contains lower concentrations of 10Be than 
the sand size fraction due to shielding before eroding [Belmont et al., 2007], therefore 
resulting in a lower 10Be concentration.  We interpret this sample as a local erosion rate, 
or incision rate.  As explained in the following sections, constraining erosion rates along 
an 8 point transect of the same stream was critical in determining an independent age of 
uplift and defining the underlying structure. 
 
6. MINIMUM AGE CALCULATION 
The Neto River dissects the Sila Surface and carved deep canyons an average of 
100 m below the unconformity (Fig. 3.2).  The depth of the riverbed below the Sila 
Surface (a paleosurface) constrains the amount of incision that has occurred [e.g., Clark 
et al., 2006].  The reach of the Neto River that flows below the Sila Surface is bracketed 
by samples CAL-09-03 at the base and CAL-09-05 at the top (Fig. 3.3).  We can 
calculate a subcatchment erosion rate between these points, using the method from 
Granger et al. [1996]: 
 





Where E is the catchment-wide denudation rate, A is the upstream drainage area, and 
sample point 2 lies below sample point 1.  By this equation and the rates and areas shown 
in Table 3.1, the erosion rate of the Sila Surface subcatchment is ~800 m/Myr (Fig. 3.3).  
10Be-determined erosion rates are not equivalent to river incision rates, as they take into 
account the lowering of valley interfluves as well.  However, due to the preservation of 
the Sila Surface in the interfluves and the low erosion rates from interfluves and top of 
the Sila Massif (<90 m/Myr; [Olivetti et al., 2012; Table 3.1]), we can assume that the 
interfluves of the Neto River are not contributing significantly to the 10Be signal, which 
averages erosion over the last 800 years [von Blanckenburg, 2005].  We, therefore, 
ascribe the 10Be-determined erosion rate to be comparable to the incision rate of the river.  
Using the interpolated Sila Surface elevations, described above and shown in Figure 3.2, 
we were able to determine the area of eroded material between the Sila Surface and the 
Neto riverbed, divided it by the length of the river, and found the average incision along 
this reach to be 96 m. 
If we assume the erosion rate has been constant at its current rate throughout its 
uplift history, then (96 m) / (800 m/My) = 0.12 Myr is the amount of time that has 
elapsed since incision initiated.  According to Figure 3 in von Blanckenburg [2005], a 
10Be erosion rate of 800 m/Myr can be averaged only over the last 800 years.  Therefore, 
to assume this erosion rate has been sustained over the last 120,000 years is unrealistic.  
Erosion rates would have been lower during the early stages of uplift due to lower relief 
or lower slopes, so that uplift began at time (x) and has been increasing to present day 
rates through time.  Time x cannot occur more recently than 120 ka by the above 
calculations, so that is our minimum age for the start of uplift. 
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7. INCISION INTO A DEFORMING PALEOSURFACE: MODELING RIVER 
EROSION IN RESPONSE TO DIFFERENTIAL UPLIFT 
 
To move toward a more realistic erosion scenario, the incision of the river into the 
Sila Surface depends on the growth of relief in the drainage area and, thus, on the 
structure responsible for that relief.  We consider two end-member structures that can 
lead to the tilted east limb of the Sila Massif and model the pattern of erosion through 
time expected from each.  This forward modeling leads not only to realistic constraints on 
the age of the structure, but is also able to distinguish which of the structures is most 
appropriate. 
Our numerical models rely on the stream-power law for river erosion from 
Howard and Kirby [1983] cast in terms of local bedrock channel incision, ε, as a function 
of upstream area (a proxy for discharge), A, and local stream gradient, S [Seidl and 
Dietrich, 1992; Whipple and Tucker, 1999]: 
 
ε = KAmSn               (2) 
 
 
where m and n are positive constants and K is a dimensional coefficient of erosion.    We 
assume that K, A, m, and n remain constant throughout the erosional history of the Neto 
River so that only S determines the erosion rate.  We simplify the model by holding the 
drainage area of the Neto River upstream of CAL-09-03 constant throughout the model 
runs.  Although drainage areas tend to increase with maturity by river capture and 
headward erosion [Horton, 1945], we make this simplification because the late Miocene 
to early Pliocene sediments in the Crotone Basin were sourced from the basement rocks 
of the Sila Massif [Barone et al., 2008], suggesting that a low-energy paleodrainage was 
already established by the Middle Pliocene [Molin et al., 2004; Olivetti et al., 2012].  We 
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presume it is unlikely that significant headward erosion has occurred since Pleistocene 
uplift because erosion is concentrated on the flanks of the Sila Massif rather than at the 
headwaters.  Along the main trunk of the Neto River, we see no evidence for wind or 
water gaps further supporting the argument for no significant drainage capture. 
K, m, and n are constants that describe the dependency of incision rate on the 
erodibility of the substrate (K), on discharge (m), and on slope (n).  Whipple and Tucker 
[1999] showed that although individual values for m and n are difficult to obtain from 
field data, the ratio m/n is expected to be independent of the erosion process and, 
therefore, more dependent on basin hydrology and geometry.  We calculated the m/n ratio 
from a modern tributary junction between the Neto and Ampollino Rivers after Seidl and 
Dietrich [1992]  
 
m/n = log (St/Sp) / (log (Ap/At)        (3) 
 
 
where S is the slope, A is the area, and the subscripts t and p refer to the tributary and 
primary channel, respectively.  We found an m/n = 0.73 for the Neto River and assume 
this ratio stays constant through time.  Values for m and n were then determined by best 
fit, varying m from 0.3 to 0.73 as n is required to be ≤1 in model runs.  We found the 
misfit in the model was always minimized at m = 0.60 and n = 0.82, regardless of K or 
how long we ran the model, so we use these values as representative for the Neto River 
through time. 
K is a difficult value to constrain because it depends on the substrate through 
which the river is eroding, which can change along a river and through time as it erodes 
into different units.  The Neto River gorge has formed by erosion into the Sila Massif 
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basement rocks.  These basement rocks do not vary significantly with depth, suggesting 
that, for the majority of the uplift history, K has been constant.  There may have been 
some variation in K at the very beginning of uplift when the sedimentary cover was being 
eroded, but we assume this effect is short-lived and negligible. 
 
7.1 MODEL PARAMETERS AND PROCEDURES 
We focus on only the reach of the Neto River that is a bedrock channel for our 
model, between sample points CAL-09-03 and CAL-09-05 (Fig. 3.1, 3.3), where the 
stream power law is valid.  We model the Sila Surface based on our field observations 
that suggest three sections: a flat lower section corresponding to the downstream part of 
the Neto River, a dipping middle section that illustrates the deformation, and a flat upper 
section corresponding with the upstream Neto River and Sila Plateau.  To determine the 
dip of the middle section, we use field data only from the reach of the Neto River where 
the unconformity that defines the Sila Surface crops out (Fig. 3.2).  We model the Sila 
Surface as a plane, inclined at an angle that is a best fit with our field data from the 
unconformity.  This slope that minimizes the least squares difference is 0.059, or 3.4°.  
This is less than the 10˚ dip we report from the field because the data points we are fitting 
are along the Neto River, rather than along dip, which cuts obliquely across the structure 
and exaggerates the length scale on the x axis.  We also define the location of the upper 
and lower hinge of the dipping, middle section from our field observations where we see 
the drastic decrease in dip of the bedrock topography and the Pliocene bedding (marked 
with a star on Figs. 3.1 and 3.2), respectively.  Since the upper hinge occurs where 
erosion of the Sila Surface as well as bedrock has occurred, we locate the upper hinge as 
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the elevation where the Sila Surface merges with the Sila Plateau (~1250 m).  10Be 
denudation rates from the top of the Sila Plateau range from 70 – 120 m in the last 
million years [Table 3.1; Cyr, 2008; Olivetti et al., 2012].  Therefore, we place the upper 
hinge of the Sila Surface at 1350 m, ~100 m above the hinge in the current topography, 
which takes into account between 1.67 and 0.83 Myr of erosion at the modern day rate.  
To calculate the evolution of the Sila Surface topography and the Neto River 
incision, we use a finite difference scheme with a grid spacing of 30 m.  During each 
timestep in the models, the Sila Surface and riverbed are uplifted by a fraction of the 
current topography based on a tectonic model for the uplift, the local erosion rates at each 
point along the riverbed are calculated by Equation 2, and then the riverbed is eroded 
accordingly.  For the calculations, the slope is determined using a centered difference 
(i.e., at [Ex+1 – Ex-1]/2x) on the average slope during the time step interval (i.e., at [Et + 
Et+Δt]/2).  Et+Δt is calculated from the previous elevation, Et, by adding an increment of 
uplift from the tectonic model.  We chose a value for Δt to minimize the scatter and keep 
the equation from eroding below 0 m.  The model stops when the modeled Sila Surface 
rises up to the slope of the current Sila Surface.  Best fits for the models are determined 
by the least squares differences between the modeled and actual river profiles as well as 
between the upstream erosion rates determined from 10Be analysis and the upstream 
erosion rates produced by the model at the end of the run (see Table 3.2, Fig.3. 4, and 
Appendix B for model results).  The erosion rates produced by the model are the local 
incision rates at each point along the river.  In order to transform the local incision rates 
into average upstream erosion rates that can be compared to the 10Be catchment erosion 
rates, we calculate the average upstream incision rates and weigh them by the 
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contributing drainage areas, so we estimate the equivalent of the 10Be catchment erosion 
rates. We weight the profile fit twice as much as the erosion rate fit due to the larger error 
bars associated with the CRN results. 
  
7.2 FIXED VS. ROLLING HINGE MODELS OF SILA UPLIFT 
Our modeling can prescribe different patterns of uplift that may have formed the 
Sila Surface.  There are two fundamentally different ways to tilt a previously horizontal 
surface: 1) to rotate the entire surface simultaneously from a fixed hinge at the base and 
gradually achieve greater slope or 2) to rotate a small portion of the surface through a 
hinge so that it reaches the full slope instantly; as time progresses, the hinge migrates so 
that a larger surface at the full slope is generated (Fig. 3.4).  Both mechanisms of tilting 
occur in active folds, which are commonly the expression of blind, active faults.  For 
example, fixed-hinge tilting may occur above a steep dip-slip fault, while migrating hinge 
tilting may occur in a fault-bend above a thrust ramp [Suppe, 1983; Goode and Burbank, 
2011].   
In the fixed hinge model, the slope of the Sila Surface is modeled to increase 
incrementally (Fig. 3.4), beginning low and ending at the current slope.  During the early 
phases of uplift, the slopes are low, generating little erosion.  This model predicts that 
most of the erosion occurs near the end of the model run and closer to the downstream 
end of the river because erosion increases with drainage area and slope, which are 
greatest near the downstream end of the model in space and time.  The migrating hinge 
model (Fig. 3.4) is fundamentally different from the fixed hinge model because each 
segment that passes through the hinge reaches the full slope at once, but it is only a short 
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segment.  A rock unit then migrates up through the system at the full slope until reaching 
the upper hinge and flat.  In a frame of reference centered on the upper hinge, each unit 
moved vertically, but the zone being uplifted broadens so that the areas farther 
downstream start uplifting later than ones farther upstream.  This model predicts that 
more erosion occurs farther upstream, since rock units at higher elevations have been 
eroding at a higher rate for longer.  We explore the applicability of each of these 
mechanisms in our numerical models (MATLAB codes in Appendix A).   
 
7.3 RESULTS 
We ran both models for 100 kyr, 500 kyr, 1 Myr, 2 Myr, and 3 Myr to see which 
age for the start of uplift was most reasonable and which geometric model better fit the 
erosion pattern.  We allowed K to vary and found that for each of the two models, the 
best fitting K fort each time corresponded to a constant value of Age*K.  For these best 
fitting models, misfits are statistically identical for every time for the start of uplift (Table 
3.2; Appendix B).  Therefore, in order to determine an age for the start of uplift, we have 
to constrain K (see Discussion).  Even without constraining K, the model runs do show 
significant differences between the migrating hinge and fixed hinge structural growth 
models (Fig. 3.5a).  The migrating hinge model has increased erosion in the upper reach 
of the river and it better matches the straight profile in the lower reach, as these rocks in 
the model have not been exposed as long.  The fixed hinge model, on the other hand 
generates a distinct knickpoint with the most erosion occurring in the lower reach of the 
river.  Both models fail at capturing all the erosion occurring in the low relief surface at 
the top.  We may better capture erosion on top of the Sila Plateau in the migrating hinge 
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model if the upper hinge is not, in fact located at a 1350 m, but a lower elevation instead.  
This discrepancy may also in indicative of multiple phases of uplift [Miyauchi et al., 
1994; Olivetti et al., 2012; Stark et al., in prep].  If uplift started and then stalled or the 
uplift rate was low at the beginning and increased through time, we would predict more 
erosion of the upper part of the river, as we see in the modern profile.  Since much of the 
Sila Plateau is covered in the thick saprolitic layer [Le Pera and Sorriso-Valvo, 2000], it 
is likely that the K value for the Sila Plateau is higher than that of the bedrock [Stock and 
Montgomery, 1999], resulting in higher erosion rates due to substrate differences.  Both 
models capture the shape of the upstream erosion (Fig. 3.5b), note especially the step-
wise increases that occur as the upstream drainage increases.  The fixed hinge model has 
a lower least squares difference when compared to the calculated CRN erosion rates.  It 
shows a very rapid increase in erosion rate at 65 km from the headwaters, while the 
migrating hinge model shows a more gradual increase over a 10 km reach.  Our sampling 
sites are not close enough to distinguish one pattern over the other.  The anomalous data 
point (sample CAL-10-03), discussed above, was interpreted as a local incision rate.  
Further affirmation may come from the close association with the local incision curve on 
the fixed hinge model (Fig. 3.5b).  This sample is not included in the error calculation, 
but we did test its effect and it inflates the least squares difference in both models by 200 
m/My. 
Both models also fail at capturing the knickpoint at 800 m.  In fact, both models 
show increased concavity at this point rather than convexity.  Further investigation shows 
that this location is at the confluence of the Neto and Arvo Rivers (Fig. 3.1).  The 
drainage area of the Neto River is nearly tripled when the Arvo River joins (Fig. 3.3).  
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This generates a 200% increase in the calculated incision rate from the stream power 
equation (equation 2), generating a concave kink.  The kink in the profile would also 
disappear if the model followed the Arvo River drainage above this confluence instead of 
the Neto River.  This knickpoint in the Neto Profile was previously interpreted as 
evidence for a two stage uplift history [Olivetti et al. 2012].  Adjusting the model to 
encompass a possible change in uplift rate may also minimize this misfit.  Lastly, we 




8.1 CONSTRAINING K 
 Although our modeling can distinguish between tilting and thrusting without 
constraining K, we must constrain it in order to determine an age for the start deformation 
since the product of Age*K is constant for each model run.  K varies as a function of 
lithology, climate, and sediment load [Whipple and Tucker, 1999], which means it can 
vary by orders of magnitude in both time and space.  The climate in the Mediterranean 
has remained relatively constant over the last few million years, although we cannot 
discount or completely quantify variations that are likely to occur with the glacial-
interglacial cycles.  In general, it is a reasonable assumption that an average K value can 
apply for the entire Pleistocene as K is expected to increase and decrease nearly equally 
with each cycle.  Stock and Montgomery [1999] used median and average rainfall as a 
proxy for a potential climate dependence of K, but found no relation.  Sediment load, 
although highly variable over short timescales, can be expected to fluctuate around an 
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average on million year timescales with the same tectonics.  This leaves lithology as the 
main controlling factor in variations for K values.  The Neto River eroded through the 
following progression of generalized rock units: a thick, highly weathered soil layer 
(similar to the thick saprolite still preserved at the top of the Sila Massif), a package of 
Pliocene – Serravallian sedimentary units, and highly fractured bedrock consisting of 
granitoids and metasediments.  There is very little experimental data calculating K values 
for various lithologies.  Stock and Montgomery [1999] studied rivers in Australia, 
Hawaii, Japan, and California and provided first order constraints on K values for 
granitoids and metamorphics (K = 10-6 – 10-7 m.02/yr), volcaniclastics (K = 10-4 – 10-5 
m.02/yr), and mudstones (K = 10-2 – 10-4 m.02/yr).  From these results, we can say that the 
mudstone values may be accurate for the sedimentary package and the soil/saprolitic 
layer is likely more erodible than mudstone.  However, this value for granitoids and 
metamorphic rocks may not be representative of the bedrock of the Sila Massif due to its 
highly fractured nature from 10s of millions of years of collisional tectonics.  In order to 
determine an average K value for the bedrock of the Sila Massif, we turn again to the 
modern river and the stream power equation (Equation 2).  Using values from the 
subcatchment of the Neto River that has eroded into bedrock (CAL-09-03 to CAL-09-
05), we can use the erosion rate of the subcatchment determined by Equation 1 (798 
m/My), drainage area (434,333,648 m2) and slope (0.028 m/m) of the subcatchment 
(Table 3.1) and m and n values described above, to determine the average K in this 
subcatchment.  We find K to be 0.099*10-6 m-0.2/yr, which is on the same order of 
magnitude as Stock and Montgomery [1999].  Holding K = 0.099*10-6 m-0.2/yr 
throughout the model runs, the migrating hinge model yields an age between 800 ka and 
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900 ka for the start of uplift, while the fixed hinge model produces an age between 600 ka 
and 700 ka.  Both ages correlate with the Late Pleistocene tectonic upheaval even though 
each requires a very different structure controlling uplift.   
 It is worthwhile to mention here that our study quantifies increased river erosion, 
which is presumed to be due to uplift.  The 100 ky glacial-interglacial cycles have 
dominated climate throughout the Late Pleistocene and we must be careful in interpreting 
our erosion rate data solely as a tectonic response, when increased erosion can also result 
from climate changes [England and Molnar, 1990].   In heavily glaciated source regions, 
glacial times usually correspond to increased erosion/sedimentation rates [e.g., Water et 
al., 2000].  However, this result is not consistent in active orogens around the globe: 
Colin et al. [1999] found significant differences in the amount of chemical weathering 
from interglacial to glacial sediments, but over all sedimentation rates were constant 
through the cycles and Reiter et al. [2013] found that glaciation in the Alps during the 
early Pleistocene was associated with decreased hinterland erosion.   
 
8.2 IS A THRUST FAULT A VIABLE STRUCTURE FOR UPLIFT OF THE SILA 
MASSIF? 
Both structural models predict an age for the start of uplift that is coincident with the 
Late Pleistocene tectonic upheaval in Calabria.  However, the migrating hinge model is a 
better fit to the modern profile and erosion rates.  Structurally, the migrating hinge model 
is best accomplished by moving rock units from a flat to a ramp (Fig. 3.4) and the ramp 
will grow in length through time.  This is usually achieved in a thrust system.  This result 
is surprising for Calabria, as most of its Pleistocene deformation has been attributed to 
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normal and transtensional faulting [e.g., Guarnieri, 2004; Tansi et al., 2007].  However, 
considering its location (in the forearc of an active subduction zone) shortening is 
expected [Dickinson and Seely, 1979].  From the trench to the backstop, thought to be co-
located with the Sila Massif, the system grows by accretionary wedge tectonics, forming 
forward-breaking thrusts and piggy-back basins.  When this system is perturbed, by a 
change in subduction rate, weight of the load on the basal thrust, friction of the thrust, 
etc., we expect the wedge to adjust by reactivating old faults and forming new faults 
[Davis et al., 1983].  Indeed, it has been shown before that backthrusting of the wedge 
occurred in response to the Messinian Salinity Crisis [Cavazza and DeCelles, 1998; Reitz 
and Seeber, 2012].  It is possible that a deep structure related to this earlier event was 
reactivated in the Pleistocene when the tectonic regime shifted.  Viewing the available 
data from a shortening perspective may provide more satisfactory explanations for the 
wide variety of Late Pleistocene phenomena. 
 
8.3 OTHER POSSIBLE STRUCTURES FOR UPLIFT 
Our model requires uplift that propagates from under the Sila Plateau toward the 
east as uplift occurs.  While this can be attributed to a west-verging thrust system there 
are other viable possibilities.  Underplating [e.g., Piana Agostinetti et al., 2009] that is 
initiating in the west and propagating to the east would generate more erosion at the top 
of the Sila Plateau.  Another alternative is the growing flexural uplift from the steepening 
of the slab, though this may not generate a steep enough dip at such a small wavelength.  
Unfortunately, active faults that crop out around and within the Sila Massif do not yet 
shed light on the underlying structure.  Unlike the west side of the Sila Massif, there are 
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no young faults that crop out on the east side at all.  Deformation on the east side of the 
Sila Massif has largely been attributed to the NW-SE striking fault system recognized 
first by Van Dijk [1992] and furthered by Galli and Bosi [2004] and Spina et al. [2007] 
(Fig. 3.6).  The San Nicola-Rossano Fault, active in the Tortonian according to Van Dijk 
et al. [2000], was invoked by Molin et al. [2004] and Olivetti et al. [2012] to account for 
the active structural growth occurring in the Trionto River Basin.  The San Nicola-
Rossano Fault was reinterpreted in its eastern edge as a normal fault, reactivated in 
compression during the Early Pliocene [Reitz and Seeber, 2012].  The Cecita and Lakes 
Faults (Fig. 3.6) crop out on the top of the Sila Plateau and are also thought to be part of 
this NW-SE striking fault system [Galli and Bosi, 2004; Spina et al., 2007].  The Lakes 
Fault has been interpreted as a west-dipping fault with only a few meters of offset near 
Lake Arvo and is likened to a strike slip fault with both pressure ridges and pull-apart 
depressions [Galli and Bosi, 2004].  This fault is spatially oriented so that it may be the 
surficial expression of the deep-rooted structure controlling uplift of the Sila Surface.  
Viewed in the context of a flat-ramp-flat, as our model suggests, the Lakes Fault may 
either be a splay fault from the basal thrust, which requires an east-dipping fault, or a 
normal fault accommodating extension that is occurring as the rocks bend through the 
upper hinge of the ramp-flat [Suppe, 1983].  Whether composed of strike slip or reverse 
faults or some combination, this system seems to be integral in understanding current 







1. Our forward models are able to distinguish between two different uplift 
mechanisms that both generate a dipping paleosurface.  A migrating hinge uplift 
allows for more erosion of the upland regions, while a fixed hinge generates more 
erosion downstream and a sharper knickpoint.  The migrating hinge provides a 
better overall fit to the Neto River profile. 
2. The uplift of the Sila Massif in northern Calabria was likely generated by an 
eastward propagating uplift that initiated between 900 ka and 120 ka.  A flat-
ramp-flat, typical of a thrust system, is our favored interpretation of the model 
results.  The migrating hinge model suggest an initiation age of 800-900 ka.  
3. If we assume that the bedrock incision equation (equation 2) can be cast in terms 
of average slope and average m, n, and K, rather than point values, we can now 
use erosion rates determined from cosmogenic radionuclides to constrain these 
unknown constants in geomorphic studies.  This opens the possibility of 

































































































































































































































Appendix A.  MATLAB Codes for both the Fixed Hinge (called “Tilting Model”) and 
Migrating Hinge (called “Faulting Model”). 
 
Appendix B.  Table showing misfit calculations for varying K values at the optimum age 
(850 ka for the migrating hinge model and 740 ka for the fixed hinge model).  
This table shows how we were able to minimize the error for each formation age 
and also shows the relationship between Age and K.  I also provide the figures of 
erosion rate and profile comparison for each model run as we varied K.  For 
example, in the 740 ka fixed hinge model with a K value of 0.2 (K was optimized 
at 0.099 for this age), increased erodibility leads to erosion below the river near 
the bottom of the model.   
 
 
Figure 3.1.  Inset: Regional tectonic setting of Calabria, the toe of the boot of Italy.  
Calabria is the forearc of an active subduction-rollback system in the Central 
Mediterranean located between to arc-continent collisions with Apulia in the 
north and Africa in the south.  The Sila, Serre, and Aspromonte Massifs record 
the Plio-Pleistocene uplift of the forearc and are abutted by basins of the same 
age.  The location of our field area, the Neto River Wastershed, is shown as well.  
A slope map of the Neto River Watershed highlights the steep canyons along the 
eastern flank of the Sila Massif and hints at the low relief interfluves between the 
rivers as well as the low relief Sila Plateau (above an elevation of 1250 m).  
Locations of river samples for measurement of 10Be are shown with yellow dots; 
CAL-09-05 and CAL-09-03 mark the boundaries of our model.  The uplifted 
section of the model is between the white star and the 1250 m elevation contour, 
shown in white.  Locations of strike and dip measurements of the Sila Surface are 
shown with orange triangles.   
 
Figure 3.2.  Oblique view of the eastern flank of the Sila Massif with a 2x vertical 
exaggeration to accentuate the steep canyons and low relief interfluves.  The Sila 
Surface is the low relief surface that consists of both basement rocks and basal 
conglomerate.  Highlighted in red is the outcrop extent of the unconformity 
between the basement and the basal conglomerate.  The field data that we use to 
define the Sila Surface in our model come only from the data points measuring 
the unconformity.  The light green area the farthest east is where younger, 
Miocene-Pliocene sediments crop out.  From the exposure of the unconformity 
until the white star, these units are dipping 10˚ with the Sila Surface.  The inset 
above shows a field photograph of the low relief Sila Surface.  At this location the 
interfluves are covered with Tortonian clay, the basal conglomerate and bedrock 
crop out in the deep valleys.  Above the clay, Messinian gypsum sandstones and 
lower Pliocene sandstone and clays (emphasize with white dashed lines) continue 
to dip with the Sila Surface until the white star, where Pliocene sediments flatten.  
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The lower inset is one of the measured outcrops of the unconformity.  Even where 
paleotopography in the basement is noticeable, the bedding above the 
unconformity is uniform and parallel to the unconformity away from the erosional 
feature.  At the bottom is the Neto River longitudinal profile, extracted from 
ArcGIS using a free MATLAB routine called Stream Profiler [Snyder et al., 2000; 
Kirby et al., 2003; Whipple, 2004; Wobus et al., 2006].  The boundaries of our 
model are shown by samples CAL-09-05 and CAL-09-03 (on the map and the 
profile) and the extent of the outcrop of the unconformity is also shown above the 
riverbed in the red box at the approximate elevation.  Our hypothesis for the Sila 
Surface extending up the river valley (where it has eroded) and into the 
subsurface is shown with the dashed red line. 
 
Figure 3.3.  Watershed map of the Neto River Drainage extracted from ArcGIS.  The 
subcatchment areas between each sample point are shown in different colors.  The 
stars show all the CRN samples collected and those used in the subcatchment 
erosion rate calculation are highlighted.  Inset: Image from Clark et al. [2006] 
showing the minimal erosion occurring along the interfluves where the relict 
landscape is preserved.  Therefore, we make the assumption that the CRN-
determined erosion rates are similar to the incision rates within the river valley. 
 
Figure 3.4.  Schematic drawings the two end-member methods to structurally uplift a 
landscape and generate a dipping surface.  Both models start with the same initial 
parameters, but the location of the modern day hinge remains at the end of the 
dipping surface in the fixed hinge model whereas in the migrating hinge model, it 
starts at the bottom of the dipping surface at time = 0 and migrates to its modern 
location. 
 
Figure 3.5.  Model Results 
3.5a.  Longitudinal profile comparison showing the modeled profiles (both Sila 
Surface and Neto River) in dashed lines and the modern profiles in solid at the 
best fit for each model when K = 0.099.  Discussion of the discrepancies between 
the model and the modern profile (especially around the 800 m knickpoint) can be 
found in the text. 
3.5b.  Erosion rate comparison showing the local incision and average upstream 
erosion calculated by the model are plotted with the CRN results along the Neto 
River at the best fit for each model when K = 0.099.  Note that CAL-10-03 (the 
anomalously high erosion discussed in the text) is shown on the graphs, but was 
not used in the best-fit calculations. 
 
Figure 3.6.  Regional map of the Sila Massif showing mapped faults in the region.  The 
NW-SE striking faults are hypothesized by other to be responsible for the active 
deformation occurring in the north-western part of the Sila Massif [Molin et al., 




Table 3.1.  Cosmogenic Nuclide Data Table for the 8 samples from the Neto River 
transect.   Table includes data necessary for the catchment-wide erosion rate 
calculations in the CRONUS-Earth Calculator (quartz mass, average elevation of 
upstream catchment, and AMS measured concentration).  Production Rate is 
calculated by the CRONUS-Earth Erosion Rate Calculator.  The table also 
includes information necessary for the calculation of the subcatchment erosion 
rate that is used in both the minimum age calculation and the determination of an 
average K value. 
 
Table 3.2.   Summary of best fits for both Fixed and Migrating Hinge models.  Misfit was 
minimized for each time frame, holding Age constant and letting K vary.  This 
table shows that the product of Age*K is constant for all ages.  See Appendix B 














%% Constant Variables 
K = 0.099; 
m = .6; 
n = 0.821918; 
totaltilt = 0.059; 
totaltime = 740000; 
timestep = 7.4; 
msteps = totaltime/timestep; 
tilt = totaltilt/totaltime*timestep; 
dx = Xv(2)-Xv(1); 
%meanA = mean(A); 
%Atest = ones(1373,1) * meanA; 
%% Tilt Sila SurfaceTilt 
dtilt = zeros(1373,1); 
avg_slope = zeros(1373,1); 
for i = 1:1373 
    if (i<100) 
        dtilt(i) = 0; 
    elseif (i>=100 && i<=790) 
        dtilt(i) = (i-100)*tilt*dx; 
    else 
        dtilt(i) = dtilt(790); 
    end 
end 
%% Elevation calculations with tilting 
Eh = Eh0 + dtilt; 
Ev = Ev0 + dtilt; 
avg_E = (Ev0 + Ev)/2; 
avg_slope(1) = abs((avg_E(2) - avg_E(1)))./(Xv(2)-Xv(1)); 
for i = 2:1372 
    avg_slope(i) = abs((avg_E(i+1) - avg_E(i-1)))./(Xv(i+1)-Xv(i-1)); 
end 
avg_slope(1373) = abs((avg_E(1373) - avg_E(1372)))/(Xv(1373)-Xv(1372)); 
  
%% Erosion of valley floor 
erode = K .* (A.^m) .*(avg_slope.^n)/(1000000*timestep);  %scale m/my by timestep 




        if i < 100 
            erode(i) = 0.; 
        end 
end 
%Ev = Ev - erode; 




%% Loop the above steps 
tend = totaltime/timestep; 
  
for t = 1:tend 
     Eh(:,t+1) = Eh(:,t) + dtilt; 
     Ev(:,t+1) = Ev(:,t) + dtilt; 
     avg_E = (Ev(:,t+1) + Ev(:,t))/2; 
     avg_slope(1) = abs((avg_E(2) - avg_E(1)))./(Xv(2)-Xv(1)); 
     for i = 2:1372 
         avg_slope(i) = ((avg_E(i+1) - avg_E(i-1))./(Xv(i+1)-Xv(i-1))); 
         if(avg_slope(i) < 0) 
             avg_slope(i) = 0; 
         end 
     end 
     avg_slope(1373) = abs((avg_E(1373) - avg_E(1372))/(Xv(1373)-Xv(1372))); 
     erode(:,t+1) = K .* (A.^m) .*(avg_slope.^n)/1000000*timestep; 
     for i=1:1373    %lower threshold for erosion 
         if (i < 100) %(abs(avg_slope(i)) <= 1.76e-4) 
             erode(i,t+1) = 0.; 
         end 
     end 
     Ev(:,t+1) = Ev(:,t+1) - erode(:,t+1); 
%     for i=1:1373 
%        if (Ev(i,t+1) < -5) 
%            Ev(i,t+1) = -5.; 
%        end 
%     end 
end 
  
%figure %%only needed if you plot early figures 
%plot (Xv,Ev,Xv,Eh) 
%based on timestep: 
Ehd = downsample (Eh', 1000)'; 
Evd = downsample (Ev', 1000)'; 
plot(Xv,Evd,Xv,Ehd) 
figure 




Evshift = (Evfsm - shift); 
Ehshift = (Ehf - shift); 
plot (Xv, ((Ev(:,tend+1))+shift), '-b', Xv, ((Eh(:,tend+1))+shift), '-b', Xv, Evfsm, '-r', Xh, Ehf, '-r') 
%% Best Fit for Elevation Difference 
n = 268; %number of elevations you're using in misfit calculation 
%% Best Fit 
n = 268; %number of elevations you're using in misfit calculation 
%least squares for sila surface elevation; only until determine totaltilt 
EhDiff = (Ehshift(179:446) - (Eh((375:642), tend+1))); 
EhDiff2 = EhDiff.^2; 
EhMisfit = sqrt((sum(EhDiff2)/n)) 
%least squares for sila surface vs. valley elevation 
EhEvReal = (Ehshift(179:446) - Evshift(375:642)); 
EhEvModel = (Eh((375:642), tend+1)) - (Ev((375:642), tend+1)); 
EhEvDiff = (EhEvReal - EhEvModel); 
EhEvDiff2 = EhEvDiff.^2; 
EhEvMisfit = sqrt((sum(EhEvDiff2)/n)) 
%least squares for modeled vs. real valley 
EvDiff = (Evshift(298:1075) - Ev((298:1075), tend+1)); 
EvDiff2 = EvDiff.^2; 
EvMisfit = sqrt((sum(EvDiff2))/n) 
figure 
plot (Xfit, (Ev((375:642), tend+1)),'-b', XfitEv, Evshift((298:1075)), '-g', XfitEv, (Ev((298:1075), 
tend +1)), '-g', Xfit, Eh((375:642), tend+1), '-b', Xv, Evshift,'-r', Xh, Ehshift, '-r') 
%% Plot average erosion instead of local erosion 
% reverse A to upstream -> downstream and take differences for incremental 
% area for each grid space 
diffA = (diff(flipud(A))); 
diffA = [diffA(2) diffA']';  % add last value to upstream end so size is same as Xv 
  
% Assign each position a weight = erosion rate*area = amt of sediment 
avgE = flipud(erode(:,tend+1)); 
weight = flipud(erode(:,tend+1)).*diffA; 
sumwt = cumsum(weight); 
  
% find where tributaries come in and fix their erosion rates. 
avgEE = zeros(1373,1); 
avgEE(1) = avgE(1); 
for i = 2:1373 
    if diffA(i) < 5.41e06;  %0.02  spikes in area are tributaries coming in. 
        avgEE(i) = avgEE(i-1) + avgE(i)*weight(i); 
    else 
        1374-i  % print grid points where rivers come in 
        avgE(i) = avgEE(i-1)/sumwt(i-1);   %use cum. erosion rate upstream 
        avgEE(i) = avgEE(i-1) + avgE(i)*weight(i); 




    end 
end 
  
avgEE = flipud(avgEE./sumwt); 
%EEE = flipud(erode(:,tend+1)); 
%sumEEE = cumsum(EEE); 
%for i = 1:1373 
%sumEEE(i) = sumEEE(i)/i; 
%end 
%sumEEE = flipud(sumEEE); 
  
figure 
plot (Xv, avgEE*msteps,'m-', Xv, erode(:,tend+1)*msteps,'b-',Xsamples, ERsamples, 'ro') 
%% Best Fit for Average Erosion Data 
e = 4; 
rates = [avgEE(1); avgEE(277); avgEE(879); avgEE(end)]; 
endrates = rates*msteps; 
ERDiff = (ERsamples - endrates); 
ERDiff2 = ERDiff.^2; 
ERMisfit = sqrt((sum(ERDiff2))/e) 
%% Best SS Fit for total tilt of 0.065 (range changes with different tilts). 













%% Constant Variables 
K = .099;  
m = 0.6;     
n = .821918; 
totaltilt = 0.059;  
totaltime = 850000; 
timestep = 5; 
msteps = totaltime/timestep; 
tilt = totaltilt/totaltime*timestep; 
dx = Xv(2)-Xv(1); 
rate = (Xv(790)-Xv(100))/totaltime; 
xshift = rate*timestep; 
gshift = xshift/dx; 
S = 'K = 0.1  m =  '; 
  
%meanA = mean(A); 
%Atest = ones(1373,1) * meanA; 
%% Sila Surface Advection per timestep 
%uplift = zeros(1373,1); 
avg_slope = zeros(1373,1); 
% for i = 1:1373 
%     if (i<197) 
%         uplift(i) = 0; 
%     elseif (i>=197) 
%         uplift(i) = totaltilt*xshift; 
%     end 
% end 
uplift = totaltilt*xshift; 
nose = 790; 
%% Elevation calculations with shift 
% find shifting boundarybetween uplift and no uplift 
% uplift cells to the left only 
inose = ceil(nose); 
Eh = Eh0; 
Ev = Ev0; 
for i = inose:1373 
    Eh(i) = Eh0(i) + uplift; 





Eh = reshape(Eh, 1373, 1); 
Ev = reshape(Ev, 1373, 1); 
avg_E = (Ev0 + Ev)/2; 
avg_slope(1) = abs((avg_E(2) - avg_E(1)))./(Xv(2)-Xv(1)); 
for i = 2:1372 
    avg_slope(i) = (avg_E(i+1) - avg_E(i-1))./(Xv(i+1)-Xv(i-1)); 
end 
avg_slope(1373) = (avg_E(1373) - avg_E(1372))/(Xv(1373)-Xv(1372)); 
  
%% Erosion of valley floor 
erode = K .* (A.^m) .*(avg_slope.^n)/1000000*timestep;  %scale m/my by timestep 
for i=1:1373    %lower threshold for erosion 
        if (i < inose) 
            erode(i) = 0.; 
        end 
end 
    if Ev(inose) < 0; 
        Ev(inose) = 0; 
    end 
Ev = Ev - erode; 




%% Loop the above steps 
tend = totaltime/timestep; 
  
for t = 1:tend 
nose = nose - gshift; 
inose = ceil(nose); 
Eh(:,t+1) = Eh(:,t); 
Ev(:,t+1) = Ev(:,t); 
    for i = inose:1373 
        Eh(i,t+1) = Eh(i,t) + uplift; 
        Ev(i,t+1) = Ev(i,t) + uplift; 
    end 
  
    avg_E = (Ev(:,t+1) + Ev(:,t))/2; 
    avg_slope(1) = abs((avg_E(2) - avg_E(1)))./(Xv(2)-Xv(1)); 
    for i = 2:1372 
        avg_slope(i) = (avg_E(i+1) - avg_E(i-1))./(Xv(i+1)-Xv(i-1)); 
    end 
    avg_slope(1373) = (avg_E(1373) - avg_E(1372))/(Xv(1373)-Xv(1372)); 
    avg_slope(inose) = (avg_E(inose+1) - avg_E(inose))/(Xv(inose+1)-Xv(inose)); 
    avg_slope = abs (avg_slope); 




    for i=1:1373    %lower threshold for erosion 
        if (i < inose) %(abs(avg_slope(i)) <= 1.76e-4) 
            erode(i,t+1) = 0.; 
        end 
    end 
    Ev(:,t+1) = Ev(:,t+1) - erode(:,t+1); 
        if Ev(inose) < 0; 
            Ev(inose) = 0; 
        end 
    end 
    %for i=1:1373 
    %    if (Ev(i,t+1) < -5)  
    %        Ev(i,t+1) = -5.; 
    %    end 
    %end 
%figure %%only needed if you plot early figures 
Ehd = downsample (Eh', 100)'; 
Evd = downsample (Ev', 100)'; 
plot (Xv,Evd,Xv,Ehd) 
shift = Evfsm(100);  
Evshift = (Evfsm - shift); 
Ehshift = (Ehf - shift); 
figure 
plot (Xv, (Ev(:, tend+1)+shift),'-b', Xv, (Eh(:, tend+1)+shift),Xv, Evfsm,'-r', Xh, Ehf, '-r') 
figure 
plot (Xv, 10000*erode(:,tend+1), Xv, 10000*erode(:,tend-100)) 
%% Plot average erosion instead of local erosion 
% reverse A to upstream -> downstream and take differences for incremental 
% area for each grid space 
diffA = (diff(flipud(A))); 
diffA = [diffA(2) diffA']';  % add last value to upstream end so size is same as Xv 
  
% Assign each position a weight = erosion rate*area = amt of sediment 
avgE = flipud(erode(:,tend+1)); 
weight = flipud(erode(:,tend+1)).*diffA; 
sumwt = cumsum(weight); 
  
% find where tributaries come in and fix their erosion rates. 
avgEE = zeros(1373,1); 
avgEE(1) = avgE(1); 
for i = 2:1373 
    if diffA(i) < 5.41e06;  %0.02  spikes in area are tributaries coming in. 
        avgEE(i) = avgEE(i-1) + avgE(i)*weight(i); 
    else 
        1374-i;  % print grid points where rivers come in 




        avgEE(i) = avgEE(i-1) + avgE(i)*weight(i); 
       
    end 
end 
  
avgEE = flipud(avgEE./sumwt); 
%EEE = flipud(erode(:,tend+1)); 
%sumEEE = cumsum(EEE); 
%for i = 1:1373 
%sumEEE(i) = sumEEE(i)/i; 
%end 
%sumEEE = flipud(sumEEE); 
  
plot (Xv, avgEE*msteps,'m-', Xv, erode(:,tend+1)*msteps,'b-',  Xsamples, ERsamples, 'ro') 
%% Best Fit 
n = 268; %number of elevations you're using in misfit calculation 
%least squares for sila surface elevation 
EhDiff = (Ehshift(179:446) - (Eh((375:642), tend+1))); 
EhDiff2 = EhDiff.^2; 
EhMisfit = sqrt((sum(EhDiff2)/n)) 
%least squares for sila surface vs. valley elevation 
EhEvReal = (Ehshift(179:446) - Evshift(375:642)); 
EhEvModel = (Eh((375:642), tend+1)) - (Ev((375:642), tend+1)); 
EhEvDiff = (EhEvReal - EhEvModel); 
EhEvDiff2 = EhEvDiff.^2; 
EhEvMisfit = sqrt((sum(EhEvDiff2)/n)) 
%least squares for modeled vs. real valley 
EvDiff = (Evshift(298:1075) - Ev((298:1075), tend+1)); 
EvDiff2 = EvDiff.^2; 
EvMisfit = sqrt((sum(EvDiff2))/n) 
figure 
plot (Xfit, Ev((375:642), tend+1),'-b', XfitEv, Evshift((298:1075)), '-g', XfitEv, Ev((298:1075), 
tend +1), '-g', Xfit, Eh((375:642), tend+1), '-b', Xv, Evshift,'-r', Xh, Ehshift, '-r') 
%least squares for average erosion data 
e = 4; 
rates = [avgEE(1); avgEE(277); avgEE(879); avgEE(end)]; 
endrates = rates*msteps; 
ERDiff = ERsamples - endrates; 
ERDiff2 = ERDiff.^2; 
ERMisfit = sqrt((sum(ERDiff2))/e) 
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Sample Name Qtz Mass (g)
Average Elevation of 
Upstream Drainage (m)
[10Be]               
(at/g qtz)*
Production Rate Catchment 
Avg (at/g/yr)#
 Catchment Averaged 
Erosion Rate (m/Ma)***
Local Slope Upstream Area (m2) K **
CAL-09-01 6.5966 840.2 3.768E+04 8.37 200.1 +/- 15.01 0.0010 1.040E+09 0.05230
CAL-09-02 10.0278 1116.3 2.327E+04 10.37 385.3 +/- 31.96 0.0080 7.273E+08 0.01634
CAL-09-03 10.0217 1328.4 1.446E+04 12.17 706.9 +/- 55.26 0.0093 4.994E+08 0.03336
CAL-09-04 10.0268 1409.0 1.865E+04 12.92 574.4 +/- 45.97 0.0632 4.599E+08 0.00238
CAL-10-03 10.0170 1451.3 1.145E+04 13.34 958.3 +/- 82.01 0.1040 3.519E+08 0.00572
CAL-10-01 10.0097 1428.0 6.584E+04 13.13 162.9 +/- 12.04 0.0535 1.076E+08 0.00372
CAL-09-05 10.0095 1496.2 1.241E+05 13.83 89.14 +/- 6.65 0.0179 6.509E+07 0.00233
CAL-09-06 10.0061 1563.2 1.628E+05 14.52 70.38 +/- 5.34 0.0843 1.571E+07 0.01582
Cosmogenic Nuclide Data and Catchment-Wide Erosion Rates from the Neto River
# Production rate is the spatially averaged production rate over the catchmen of each sample, calculated according to the elevation and latitude scaling scheme for spallation by Lal 
[1991]/Stone [2000].
** Values calculated from ε = KAmSn; m = 0.73, n = 1 calculated from Sklar and Dietrich [1998], see text.
***Quoted	uncertainty	is	the	analytical	uncertainty	only	and	does	not	include	a	~7%	uncertainty	in	the	sea	level,	high	latitude	10Be	production	rate
*[10Be] measured by accelerator mass spectometry at Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, and are reported here against the 
07KNSTD standard prepared by K. Nishiizumii, based on the 10Be half-life of 1.34 My (Nishiizumi et al., 2007).
Age (Ma) K Erosion Misfit (m/Myr) Profile Misfit (m) Combined, ER weighted 0.5
3 0.0245 67.8893 277.1637 311.1084
2 0.0370 67.2375 277.5957 311.2145
1 0.0735 67.8893 277.1637 311.1084
0.74 0.0990 68.2968 276.9658 311.1142
0.5 0.1450 69.8569 276.3968 311.3253
0.1 0.7350 67.8893 277.1637 311.1084
Age (Ma) K Erosion Misfit Profile Misfit Combined, ER weighted 0.5
3 0.0305 111.0943 138.1653 193.7125
2 0.0410 131.5307 130.4512 196.2166
1 0.0840 129.9719 130.1158 195.1018
0.85 0.0990 130.5942 130.1371 195.4342
0.5 0.1790 124.7533 134.7980 197.1747
0.1 0.8400 129.9719 130.1158 195.1018





ACTIVE WEST-VERGING STRUCTURAL GROWTH OF THE SILA MASSIF IN 
THE CALABRIAN FOREARC, SOUTHERN ITALY, CONSTRAINED FROM RIVER 
MORPHOLOGY AND 10BE EROSION RATES 
 






The Sila Massif is one of three uplifted basement massifs located in the forearc of 
the active Calabrian subduction zone, southern Italy.  Multiple forms of Pleistocene 
deformation have been documented throughout northern Calabria.  We add to this 
discussion and propose a regional tectonic model that can account for all observed 
Pleistocene deformation.  The Sila Massif is broadly situated between the extending part 
of the forearc to the west, the accreting part of the forearc to the east, and collision to the 
north.  Uplift of the forearc began about 1 Ma, following a long period of tectonic 
quiescence despite hundreds of kilometers of horizontal translation due to 
rollback.  Correlation and dating of marine terraces along the Calabrian coasts show 
variation in uplift rates from 0.6 mm/yr to 1.4 mm/yr, with an average of 1-1.2 mm/yr.  
We quantify spatial variations in uplift of the Sila Massif by comparing quantitative and 
qualitative geomorphology data of river drainages.  Variations in river profile data and 
drainages reveal abrupt as well as gradual geomorphic changes that may mark blind, 
active faults.  Normalized steepness indices calculate differences between the predicted 
equilibrium slope of the river at a point or reach and the actual slope at the same point or 
reach.  Overall, rivers eroding the flanks of the Sila Massif show high steepness indices.  
Regions of steepness on the west side of the Sila Massif correspond to high concavities 
and sharp knickpoints, while the regions of high steepness on the east side correspond to 
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low concavities and broad knickzones.  Erosion rates determined from 10Be 
concentrations in river sediments are nearly twice as high on the east flank of the Sila 
Massif as compared to the west flank and indicate that this difference in uplift rate is due 
to active structures.  Lastly, rivers that are draining westward are currently capturing 
eastward drainages due to a broad doming of the eastern Sila Massif.  These comparisons 
show a strong east-west asymmetry in the morphology of the Sila Massif and uplift rate, 
even though topography and relief are similar.  We infer that uplift on each side of the 
Sila Massif must be controlled by different and unique structures.  We propose that a 
normal fault controls deformation on the west side, while a reverse fault with folding in 
the hanging wall controls deformation on the east side.  We show that these two, 
seemingly contradictory, structures fit into a tectonic framework that takes into account 




Rock uplift and surface uplift can be caused by numerous, large-scale 
mechanisms such as collision, slab detachment, mantle upwelling, and many more.  Each 
of these mechanisms generates surficial deformation that is accommodated by faulting 
and folding.  However, in young and active orogens, it is rare for structures representative 
of the deeper stress regime to be expressed at the surface of the Earth.  Therefore, there is 
commonly a disconnect between structures active at depth and surficial expression either 
due to a time lag for erosion and exposure of the structures at the surface, or because the 
spatial variations in stress result in different types of deformation at various depths.  In 
these cases, we can turn to the morphology of landscape, rather than individual structures, 
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to discern the primary structure at depth.  In particular, a powerful tool from tectonic 
geomorphology is the analysis of river long profiles and incision into the bedrock.  As 
tectonically induced uplift occurs, relief and erosion increase over time as channel and 
hill slopes increase, inducing enhanced orogenic precipitation [Whipple, 2001].   
If climatic, tectonic, and lithologic conditions are relatively constant, a dynamic 
equilibrium between uplift and erosion are eventually established, generating a steady-
state landscape [Hack, 1973; Willett and Brandon, 2002].  A landscape in dynamic 
equilibrium is characterized by smooth, concave-up longitudinal river profiles, steepest 
where drainage area is the smallest and shallowest where drainage area is the largest 
[Gilbert, 1877; Mackin, 1948].  Climatic and tectonic transients may perturb such an 
equilibrium landscape.  River longitudinal profiles are sensitive to such transients and 
may preserve these signals as they propagate through the system.  Variations from the 
predicted profile are evident in the steepness and concavity indices, geomorphic 
parameters that characterize river profiles.  They can reveal regional differences in 
incision and, therefore, uplift rates.  It has been shown that increased uplift rates generate 
knickpoints at similar elevations of different river systems [Wobus et al., 2006].  A 
knickpoint is a distinct length of a river longitudinal profile with a convex shape and 
corresponds to stretches of increased steepness indices [Snyder et al., 2000; Kirby et al., 
2003].  In addition, concavity and steepness may change in response to changes in uplift 
rate.  Studies have also shown that rivers respond differently to different structures that 
are responsible for the uplift.  Goode and Burbank [2011] modeled river incision through 
a growing fold and found different incision patterns along a longitudinal profile result 
depending on the type of structure responsible for the folding.  Likewise Reitz et al., 
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[Chapter 3], were able to constrain structures responsible for differential uplift by 
comparing river incision as a result of tilting and uplift with a fixed hinge versus a 
migrating hinge.   
In this manuscript, we investigate the morphology of the Sila Massif, an uplifted 
basement massif in the forearc of the Calabrian Arc, southern Italy, to determine the 
underlying structure controlling Pleistocene deformation.  We calculate concavity and 
steepness indices, extract river longitudinal profiles, compare erosion rates determined 
from cosmogenic radionuclides of rivers, and investigate river captures to show that the 
geomorphic response of the east side of the Sila Massif is significantly different than the 
response of the west side.  Based on these differences, and other constraints, we propose 
a tectonic model with distinct structures responsible for the deformation of the east and 
west sides, respectively.   
 
2. TECTONIC SETTING 
Calabria is the exposed part of the forearc of the Calabrian subduction-rollback 
system (Fig. 4.1).  The forearc has migrated by rollback 780 km over the past 35 Myr to 
its current position in the Central Mediterranean [Malinverno and Ryan, 1986; Faccenna 
et al., 2004] (inset Fig 4.1).  Despite significant horizontal translation during the most 
recent phase of rollback (12 Ma to present), tectonics in the forearc remained remarkably 
peaceful until the Pleistocene [Reitz and Seeber, 2012].   
Active extension is occurring along multiple normal fault systems that, overall, 
accommodate ENE-WSW extension as determined from earthquake focal mechanisms 
[Cristofolini et al., 1985; Gasparini and Scarpa, 1985] and GPS velocities [D’Agostino 
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and Selvaggi, 2004; D’Agostino et al., 2011].    Since the early Pleistocene, Calabria has 
been affected by a strong, regional uplift, which is greatest in the SW and smallest along 
the west coast [Dumas et al., 1993; Westaway, 1993; Ferranti et al., 2006].  This long-
term uplift is documented by flights of marine terraces along the coasts [Gliozzi, 1987; 
Balescu et al., 1997; Cucci and Cinti, 1998; Cucci, 2004; Zecchin et al., 2004; Ferranti et 
al., 2006], but less is known about uplift of the higher elevation, interior massifs of 
Calabria.  Flights of Gilbert-type fan deltas attest to uplift of the Sila Massif along the 
Crati Valley [Colella et al., 1987; Stark et al., in prep].  Early Pleistocene markers from 
river and marine terraces suggest long-term rates of 0.6 mm/yr, with a pronounced 
increase in uplift rate in the Middle Pleistocene [Westaway  1993; Miyauchi et al., 1994; 
Antonioli et al., 2006; Olivetti et al., 2012].  According to Westaway [1993], post-Middle 
Pleistocene rates are more than double at 1.67 mm/yr.  Dewez et al. [2008] and Stark et al. 
[in prep] document uplift of 1.2 mm/yr for the past 400 ka in the Crati Valley. 
Hypotheses for the regional uplift include: 1) slab breakoff and isostatic rebound 
[Westaway, 1993; Wortel and Spakman, 2000]; 2) inflow of asthenospheric material that 
accompanies rollback [Gvirtzman and Nur, 2001; Doglioni et al., 2007]; 3) a steepening 
subduction slab causing upwarping of the forearc [Piana Agostinetti et al., 2009]; 4) 
underplating of 10 km of sediment during subduction [Piana Agostinetti et al., 2009].  
The first two mechanisms have since lost credibility.  Tomographic studies show an 
intact slab dipping northwest to depths of nearly 500 km [Amato et al., 1993; Selvaggi 
and Chiarabba, 1995] and crustal structure beneath Calabria mapped by receiver 
functions prohibits an asthenospheric tongue below the high standing plateau [Piana 
Agostinetti et al., 2009].  The third and fourth mechanisms have not yet been quantified.  
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Regardless, none of these regional mechanisms predict spatial or temporal variations in 
uplift rates documented within the forearc. 
In Chapter 3, we proposed another possible mechanism for uplift of the Sila 
Massif: a blind thrust fault producing a flat-ramp-flat feature in the topography.  We 
hypothesize that this thrust fault is a deep-rooted backthrust.  This mechanism for uplift 
necessitates differential uplift of the massif, which would be reflected in spatial variations 
in uplift and the expressions of other types of deformation.   
 
3. STUDY AREA 
 This work focuses on the Sila, the northern and most studied basement massif in 
Calabria (Figs. 4.1 and 4.2) [e.g., Van Dijk et al., 2000; Molin et al., 2004; Olivetti et al., 
2012; Reitz and Seeber, 2012; Reitz et al., Chap. 3].  The Sila Massif is composed of 
Hercynian-age basement rocks of relatively uniform composition and is characterized by 
a low relief plateau at an average elevation of 1200 m.  The crystalline rock on this 
plateau is deeply weathered to a saprolite several meters to tens of meters deep [Le Pera 
and Sorriso-Valvo, 2000].  A natural lake with internal drainage close to the modern Lake 
Cecita Reservoir occupied the plateau at times during the Pleistocene [Henderson, 1970; 
Galli and Bosi, 2004; Molin et al., 2004].  
 A west-northwest-striking left-lateral and normal fault system bounds the 
northern flank of the Sila Massif [Knott and Turco, 1991; Sorriso-Valvo, 1993] and is 
expressed in the modern topography as the San Nicola-Rossano Fault and the OD Ridge 
(Fig. 4.2).  Ongoing, differential uplift at the OD Ridge is distorting the longitudinal 
profiles of the Cino, Colognati, and Trionto Rivers (locations in Fig. 4.2) [Molin et al., 
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2004].  The southern flank is also bounded by an oblique, left-lateral and normal fault 
similar to the northern flank, though not as well constrained.  The Crati Valley bounds 
the western flank of the Sila Massif.  The Crati Valley is an actively subsiding, north-
south trending, normal-fault bounded basin.  Focal mechanisms of earthquakes beneath 
the east side of the Crati Valley are consistent with mapped faults on the western border 
of the valley and, remarkably, not at the base of the steep flank of the Sila Massif that 
bounds the basin to the east [Galli and Scionti, 2006] (Fig. 4.2).  Although the 
topography of the eastern flank of the Sila Massif closely mirrors that of the western side, 
the structure is not symmetric across the massif [Reitz et al., Chap. 3].  On the eastern 
side, the basement rocks, mid-Miocene unconformity, and the overlying late Miocene and 
Pliocene strata all dip similarly eastward from ~850 m down to the Crotone Basin 
[Olivetti et al., 2012; Reitz and Seeber, 2012; Reitz et al., Chapter 3].  The dip of this 
post-middle Pliocene monocline may decrease at higher elevations where it has been 
eroded and merges into the elevated, low relief plateau, according to models accounting 
for the morphology and spatial pattern of erosion on the massif [Reitz et al., Chapter 3].  
No similar dip in strata is recognizable on the western side, though the same age deposits 
crop out. 
 Despite the overall topographic symmetry, the river morphologies of those rivers 
that breach the rim of the Sila Plateau show significant variation.  A consistent knickpoint 
separates a low relief, relict surface from the faster eroding flanks at ~1100 m [Molin et 
al., 2004], but there are knickpoints at lower elevations that do not correspond with one 
another.  Olivetti et al. [2012] show that uplift of the Sila Massif is not symmetric by 
comparing elevations of knickpoints around the Sila Massif.  They recognize that the 
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highest uplift rates are along the eastern flank of the Sila Massif and lowest rates along 
the northwest flank.  We contribute new observations supporting this kinematic 
asymmetry and use the asymmetry as evidence supporting a new plate boundary tectonic 
model. 
 
4. BACKGROUND AND METHODS 
4.1 STEEPNESS AND CONCAVITY INDICES 
The equilibrium shape of a river longitudinal profile is a smooth, concave-up 
surface.  It is controlled by the relationship between channel slope and the upstream, 
contributing drainage area [Gilbert, 1877; Mackin, 1948].  Channel slope of a stream in 
dynamic equilibrium is determined by the basal shear stress required to transport a given 
sediment load downstream.  Therefore, when discharge (a proxy for drainage area) is 
small, steeper slopes are necessary to transport sediments; whereas, further downstream, 
increasing drainage area allows for lower slopes.  This relationship predicts a smooth, 
concave-up equilibrium longitudinal profile for rivers.  If the timescale of a tectonic or 
climatic perturbation is sufficiently long in comparison with landscape response time, 
then a river will be in dynamic equilibrium.   
The longitudinal profile of a river can deviate from the ideal shape owing to 
differences in erosion resistance of the bedrock along the channel, temporal changes in 
climate, and/or tectonically induced differential elevation.  In an actively uplifting region, 
the landscape is commonly in a transient state of disequilibrium, which is reflected in the 
channel long profiles.  For a steady-state landscape in which river incision is equal to 
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rock uplift rate, river longitudinal profiles can be described by the empirical power law 
relating channel slope and drainage area taken as a proxy for discharge [Flint, 1974];  
 
S = ksA-θ          (1) 
 
where  S is the local channel slope, A is the upstream contributing drainage area, and ks 
and θ are morphological indices known as steepness index and concavity index, 
respectively, and can be determined by regression of the slope-area data [Whipple and 
Tucker, 1999; Snyder et al. 2000].  ks describes the equilibrium channel profile steepness 
and θ describes the equilibrium profile concavity.  When a river is in equilibrium, the 
longitudinal profile can be modeled by a unique combination of ks and θ values.  
Normalized steepness indices (ksn) are calculated from a reference concavity (θref) and are 
uniform along a river profile in equilibrium.  Conversely, river profiles with ksn values 
that change abruptly are indicative of a river in disequilibrium.  High ksn values are 
indicative of a reach of a river with higher-than-predicted steepness, while low ksn values 
indicate the opposite.  Although changing ksn values along a river indicate disequilibrium, 
segments of the river can be analyzed with a unique ksn and θref because each segment can 
interpreted to be equilibrated to different rock uplift rates [Stock and Montgomery, 1999; 
Kirby and Whipple, 2001; Wobus et al., 2006].   
Spatial variations in ksn have been attributed to regional and along-channel 
differences in precipitation, rock strength, sediment supply, and uplift rates [Kirby and 
Whipple, 2001; Wobus et al. 2006].  The Sila Massif is composed of uniform bedrock 
and, although it likely experienced significant changes in precipitation and sediment 
supply during glacial-interglacial cycles, we assume these effects have been averaged out 
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through time.  Sediment supply may also increase or decrease due to river captures and 
the resulting change in drainage area.  Although we find some evidence for recent 
drainage rearrangement (see below), these captures have not changed the drainage area 
significantly and have occurred only in the low relief Sila Plateau, thereby minimizing 
the effect of sediment supply.  An abrupt increase in sediment supply at river confluences 
with large tributaries may affect our ksn results.  Therefore, we conclude that the spatial 
variations in ksn along the rivers are likely controlled by uplift rates and this is consistent 
with previous interpretation [Molin et al., 2004; Olivetti et al., 2012].  Generally, a map 
of the normalized steepness indices through a drainage system can effectively delineate 
tectonic boundaries, specifically zones with different uplift rates [Snyder et al., 2000].   
In contrast, the concavity index (θ) is primarily sensitive to surface processes, 
provided the river is in steady state [Whipple and Tucker, 1999].  For example, when a 
river or reach of the river is in equilibrium, concavity values between 0.1 and 0.3 
characterize steep headwaters influenced by debris flows; values between 0.3 and 0.6 are 
characteristic of bedrock channels dominated by fluvial incision; values greater than 0.6 
are associated with alluvial rivers [Bierman and Montgomery, 2014].  Low concavities 
can also be interpreted tectonically and suggest that rock uplift rate is increasing 
downstream, whereas high concavities can be interpreted as a decreasing rock uplift rate 
downstream [Whipple and Tucker, 1999; Kirby and Whipple, 2001].  In general, ksn 
values on their own are better for gleaning tectonic information [Wobus et al., 2006], 




We determine steepness and concavity indices using ArcGIS and a free routine 
for MATLAB called Stream Profiler [Snyder et al., 2000; Kirby et al., 2003; Whipple, 
2004; Wobus et al., 2006].  We extracted 87 longitudinal profiles from rivers draining the 
Sila Massif.  Stream Profiler generates log-log diagrams of slope vs. area data to calculate 
steepness and concavity indices [method described in more detail in Olivetti et al., 2012].  
Since steepness and concavity are autocorrelated, we normalized the steepness index 
values by a reference concavity of 0.45, selected within the theoretical range.   
 
4.2 EROSION RATES DETERMINED FROM COSMOGENIC RADIONUCLIDES 
Hillslope erosion rates quantify the fundamental processes responsible for surface 
morphology and, where uplift is the dominant driver of river incision, can be used a 
proxy for uplift rate [Kirby and Whipple, 2001].  We can measure catchment-averaged 
hillslope erosion rates using the concentration of in situ-produced cosmogenic nuclides in 
fluvial sediments [Granger et al., 1996; Riebe et al., 2000].  Cosmogenic nuclides are 
produced in situ close to the surface of the Earth by the interaction of secondary cosmic 
rays with the nuclei of various elements in exposed minerals [Lal and Peters, 1967].  We 
specifically focus on beryllium-10 (10Be) in this manuscript because it is commonly 
generated in quartz, which is abundant at the Earth’s surface and is relatively resistant to 
chemical and physical erosion.  10Be accumulates in quartz near the Earth’s surface, in 
bedrock, sediment, and soil, at a rate proportional to a local production rate and inversely 
proportional to surface erosion [Lal, 1991; Granger et al. 1996; von Blackenburg, 2005].  
Erosion rates can thus be inferred from the known production rate [Nishiizumi et al., 
2007; Korschinek et al., 2010], which increases with altitude and latitude, and from the 
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amount of 10Be in quartz, which can be measured.  This method averages erosion rates 
over the time required to erode one cosmic ray penetration depth (~60 cm) [Masarik and 
Reedy, 1995], which is proportional to the amount of erosion and the inferred uplift.   
Granger et al. [1996] showed that the sand-sized fraction of sediment transported 
by a stream is composed of a mix of sediment derived from the hillslopes of the 
contributing sub-catchments.  Each subcatchment contributes quartz in proportion to its 
area and erosion rate.  If the sediment in the trunk stream is well mixed (i.e., not a 
landslide), then we can determine the average concentration of 10Be everywhere upstream 
of the sample point.  Several conditions must be met in order for the measured 10Be 
concentrations to be representative of catchment-averaged erosion rates: 1. Quartz must 
be uniformly distributed within the catchment or else the erosion rates will be biased 
toward areas with higher quartz content; 2. Sediment samples must be representative of 
the entire watershed (usually accomplished by sampling sand-sized grains, <750 microns 
and avoiding landslides); 3. The catchment should not have been glaciated because 
glaciation can disrupt sediment transport paths; 4. Erosion must occur at a nearly constant 
rate over the time taken to erode through several secondary cosmic ray penetrations 
depths (a few meters).  If erosion rates have changed over smaller timescales, 10Be 
concentrations will provide an average erosion rate [Schaller and Ehlers, 2006].  Rivers 
draining the Sila Massif have been shown to meet these conditions [Cyr, 2008; Olivetti et 
al., 2012]. 
We took a detailed approach to sampling on the Mucone, Neto, and Savuto Rivers 
because they drain the northwest, east, and southwest sides of the Sila Massif and all 
integrate drainages of the low relief plateau with the steep flanks (Fig. 4.2).  We took at 
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least six samples from each river: at the mouth, above and below major river confluences, 
above and below the major knickpoint at the edge of the Sila Plateau, and one sample 
near the headwaters.  We collected an additional 7 samples from rivers restricted to the 
low relief top of the Sila Massif.  All samples were processed for 10Be analysis at the 
Lamont-Doherty Earth Observatory (LDEO) cosmogenic nuclide laboratory, following 
the protocol available at the laboratory website [http://www.ldeo.columbia.edu/tcn], 
which is modified from both Licciardi [2000] and the procedure developed by the 
University of Washington cosmogenic group [http://depts.washington.edu/cosmolab/ 
chem.html].  Sample 10Be/9Be ratios were measured relative to the 07KNSTD3110 
standard [10Be/9Be = 2.85 x 10-12; Nishiizumi et al., 2007], and corrected for background 
10Be/9Be given by procedural blanks (all were less than 1 x 10-15), residual boron 
contamination, and machine background (most <2.4%, all <6.1%).  We calculated 
catchment-averaged erosion rates using the CRONUS online calculator 
[http://hess.ess.washington.edu/math/; Balco et al., 2008], using the constant production 
rate model [Lal, 1991; Stone, 2000]. 
 
4.3 DRAINAGE REARRANAGEMENT 
A third method by which we examined changes in the landscape is through 
observations of drainage rearrangement.  Evidence for drainage rearrangement can be 
geological (e.g., sedimentary deposits from a paleo-drainage network) or morphological.  
We focus on the morphological evidence here, specifically the evidence of stream capture 
given by wind gaps and barbed drainages.  Stream capture is usually a bottom-up process 
in which a stream with a steeper gradient or higher discharge than a neighboring stream 
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erodes back into the drainage divide of the neighboring stream and diverts flow from the 
other stream’s headwaters [Bierman and Montgomery, 2014].  Stream capture used to be 
widely called upon to explain anomalies in regional drainage patterns, but is now thought 
to be rare unless linked to active tectonics where differential elevation change plus the 
resulting differential erosion can shift the location of the drainage divide [Bierman and 
Montgomery, 2014].  Wind gaps are geomorphic saddles across drainage divides that 
were beds of thoroughgoing rivers. Wind gaps imply a drainage reversal on one side of 
the saddle, creating a new drainage divide.  Barbed drainages are a result of 
disequilibrium between tributaries and the main channel.  In a stable drainage network, 
tributaries and main channels usually share a component of flow direction.  However, if 
the main channel reverses its flow direction due to a change in the drainage divide, the 
drainage directions of the tributaries and the main channel will be different, providing 
evidence for a recent stream capture.  For the qualitative morphometric analyses of 
streams, we used the same 30 m ASTER DEM and Stream Profiler MATLAB routine 
described above to extract longitudinal profiles.  The 30 m ASTER DEM was also used 
to generated profiles of the topography through wind gaps and to identify rivers with 
barbed drainages.   
  
5. RESULTS 
5.1 RIVER LONGITUDINAL PROFILES 
The ksn and θ indices calculated from Stream Profiler are mapped in Figure 4.3a.  
Local ksn values range from 4.2 to 331.8, while θ values range from -152 to 24.7.  
Normalized steepness indices are highest along the steep flanks of the Sila Massif.  ksn 
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values transition quickly from low values on the Sila Plateau to high values around the 
1100 m knickpoint, consistent with past results [Cyr, 2008; Olivetti et al., 2012].  
Generally, the distribution of high and low ksn values mimics the distribution of steep and 
gentle slopes suggesting young drainages.  Exceptions only occur along the Savuto and 
Mucone Rivers, which have high ksn values upstream of the 1100 m edge of the Sila 
Massif and we discuss this in section 5.3.  Likewise, the eastern-flowing rivers have 
greater drainage areas than the western-flowing rivers above the 1100 m knickpoint, but 
this does not coincide with higher ksn values.  An important observation is the belt of high 
ksn values below the 1100 m knickpoint is nearly twice as wide on the eastern side, 
highlighting one example of geomorphic E-W asymmetry of the Sila Massif (Fig. 4.3a). 
 Our concavity patterns are consistent with previous results [Olivetti et al., 2012].  
The steep headwaters of many rivers have low, but non-negative θ values, typical of the 
headwaters of bedrock channels [Bierman and Montgomery, 2014].  All the rivers show 
higher concavities where the rivers transition from the rapidly uplifting massif to the 
slowly uplifting or subsiding peripheral basins, typical of rivers flowing toward regions 
of decreasing uplift [Kirby and Whipple, 2001].   
Abrupt changes in ksn values are usually coincident with a zone of very high or 
very low concavities [Wobus et al., 2006] and this combination indicates disequilibrium.  
Areas of abrupt ksn changes in rivers draining the Sila Massif correspond to abrupt shifts 
from high θ values to low θ values.  The east-west width of this zone of low concavities 
(red in Fig. 4.3a) is much wider on the east side of the Sila Massif than the west, thus 
highlighting the asymmetry indicated in the ksn data using a different parameter.  Perhaps 
the most astonishing example of the east-west geormorphic asymmetry is that concavities 
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associated with the high steepness indices on the flanks of the massif (regions circled in 
Fig. 4.3a) are consistently lower on the eastern than on the western side of the massif (see 
Appendix A for profiles for the complete set of river profiles). 
The differences between the western and eastern drainages of the Sila Massif are 
highlighted by the longitudinal profiles of the Neto and Savuto Rivers (Fig. 4.3b; 
locations in Fig. 4.2 and 4.4), which drain the Sila Plateau to the east and west, 
respectively.   Both river profiles have two knickpoints, with the higher knickpoint 
located at an elevation of ~1100 m.  Below this knickpoint, the Savuto River has a highly 
concave profile to its lower knickpoint at 600 m and then down to its mouth.  In contrast, 
the Neto River has a distinctly convex profile from the 1100 m knickpoint down to a 
second knickpoint at 800 m; below which the stream has a relatively straight profile until 
clear concavity around 200 m.  Although best exemplified in these two rivers, this 
difference in concavities is a regional characteristic, shown in the concavity map as well 
as the other river profiles (see Appendix A). 
 
5.2 CRN RESULTS 
Erosion rates determined in this study are shown in Figure 4.4 and Table 4.1; a 
complete map of all erosion rate samples from this and past studies in northern Calabria 
shown in Appendix B [this work and Cyr, 2008].  In comparing rivers draining the east 
side to those draining the west side, a few notable patterns emerge.  All rivers show a 
substantial decrease in erosion rate above the knickpoint at 1100 m.  The erosion rates 
near the headwaters of the Ampollino and Savuto Rivers, however, are 50-100% lower 
than other rates from the Sila Plateau.  This area corresponds to a region of river capture 
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discussed in the next section.  Samples CAL-10-01, CAL-09-25, and CAL-09-16 are 
taken below dams that create the reservoirs on the Arvo, Ampollino, and Mucone Rivers, 
respectively, and show remarkably consistent erosion rates.   
The overall erosion pattern of rivers that drain the west flank (e.g., Mucone and 
Savuto Rivers) is qualitatively similar to the erosion patterns of rivers that drain the east 
flank (e.g., the Neto and Lese Rivers), with low-erosion rates in the upper segment and 
substantially higher erosion rates along the flank, but they are quantitatively different.  
The erosion rates of the western flank (average ~330 m/Myr) are about half the rates on 
the eastern flank (average ~600 m/Myr).  While erosion measurements on the western 
rivers are less abundant, this and previous studies consistently show extremely high 
erosion rates in the eastern rivers [Cyr, 2008; Appendix B].    
 
5.3 RIVER CAPTURE 
A vertical block uplift, such as in a symmetric, fault-bounded horst, is expected to 
form an upland plateau, such that the edge of the plateau coincides with the drainage 
divide [Weissel and Seidl, 1998].  If an internal drainage is established (as is suggested 
by the natural lakes on the Sila Plateau), rivers that integrate the upper and lower 
drainages with form a knickpoint at the edge of the plateau and it will migrate headward 
into the low relief plateau. The thin, yellow line in figure 5 is the 1100 m contour line, 
which closely follows the edge of the plateau as well as the approximate elevation of the 
regional knickpoint.  A completely internal drainage would result in this contour 
coinciding with the drainage divide.  The actual drainage divide, shown in the dashed, 
thick yellow line reveals significant variations from the expected.  Most of the eastern-
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draining rivers have large drainages above the 1100 m contour, while only two western-
draining rivers have significant drainage areas above the 1100 m contour.  
Figure 4.6a is the southern Sila Massif, showing two topographic profiles across 
the drainage divide between the Savuto and Ampollino Rivers.  Profile A-A’ traces the 
west-flowing Savuto River across the drainage divide to the east-flowing Ampollino 
River.  The drainage divide occurs about 10 km from either edge of the Sila Massif in the 
middle of the low relief plateau.  Profile B-B’ is a more southerly tributary of the 
Ampollino River that drains the entire Sila Plateau to the east.  B-B’ is representative of 
most east-flowing rivers suggesting that the large drainage of the Savuto River on top of 
the plateau is an anomaly.   
Topographic cross sections in Figure 4.6b focus on three drainages in the northern 
part of the Sila Massif.  From these profiles, the low concavities of the Trionto and Neto 
Rivers (profiles A and C) are noticeable from above the edge of the Sila Plateau and 
continuing below the 1100 m knickpoint.  The third drainage (profile B), here named the 
Paleocecita River, is a wind gap suggestive of ancestral drainage similar to that of the 
Trionto and Neto Rivers.  This profile along this wind gap has a pronounced convex 
dome aligned with the convexties of the Trionto and Neto rivers.   
The drainage morphologies shown in Figure 4.6, suggest that the large drainage 
areas above the rim of the Sila Plateau of the Mucone and Savuto Rivers are anomalous 
and likely due to recent drainage reorganizations.  Looking in detail at the modern 
drainages of the Mucone and Savuto Rivers, we see more evidence of drainage capture.  
Figure 4.7 is a topographic image of boxes A and B from GeoMapApp, which shows the 
upper Palaeocecita and Savuto drainages to be barbed.  Evidence from the morphology in 
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Figures 4.6 and 4.7 suggest that the Savuto and Mucone Rivers have recently captured 
the upland regions of the east-flowing drainages of the Ampollino and Paleocecita Rivers.  
The river captures on the northern and southern parts of the Sila Plateau show a 
similar shift in the plateau drainage from east to west.  If we go back in time prior to 
these two river captures, such that the Paleocecita River and Ampollino Rivers are 
draining these areas of the top of the Sila Massif, the drainage morphology is remarkably 
different (Fig. 4.5).  The drainage divide is entirely on the western side of the Sila Massif, 
rather than zig-zagging through the plateau, and the topography would likely be highest 
at this drainage divide and gradually decrease to the east. 
Stream captures usually occur when one river is downcutting more rapidly than 
another [Bierman and Montgomery, 2014], potentially generating the higher ksn values 
and higher erosion rates we document in the Savuto and Mucone Rivers as compared to 
other west-flowing rivers.  The stream captures we document are occurring on top of the 
low relief Sila Plateau, where slopes of the both the captured and unchanged streams are 
lower than expected based on river captures from the literature [Willett et al., 2014].  This 
morphology of capture is suggestive of a gradual doming of the east or tilting toward the 
west rather than capture by downcutting and differential headward erosion. 
 
6. INTERPRETATION 
Uplift of the Sila Massif is most often interpreted in an orogenic collapse 
framework, since the Calabria-Apulia arc-continent collision is generating uplift just to 
the north in the Southern Apennines [Dewey, 1988; Jolivet et al., 1998].  This condition 
may only apply to the very northern part of the Calabrian forearc, as southern portions are 
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far from the Apulian margin and subduction is presumed to be ongoing [Amato et al., 
1993; Selvaggi and Chiarabba, 1995; Chiarabba et al., 2008].  Orogenic collapse is 
characterized by normal faults that, in the case of northern Calabria, would bound all 
sides of the Sila Massif resulting in hangingwall basins and footwall uplift.  An orogenic 
collapse framework would suggest structurally symmetric features with steeply-dipping 
normal faults bounding all sides of the Sila Massif.  Detailed field investigations lack 
compelling evidence of continuous, thoroughgoing normal faults along the northern or 
eastern flanks of the massif.  While the E-W topographic profile across the Sila is 
approximately symmetric, the structural data [Reitz et al., Chapter 3] and the new 
geomorphic data presented here show clear asymmetries and suggest ongoing and 
asymmetric structural growth.  It is noteworthy that so many different approaches come 
together to a consistent observation.  Therefore, we look to integrate the above findings 
into a regional structural model that can account for the structural asymmetry. 
In terms of proposing a new structural interpretation, the two most important 
results from our study are the concavity and drainage morphology comparisons from east 
to west.   A vertical uplift, even if pulsing, usually generates knickpoints with distinct 
concave up segments rather than a broad convex zone [e.g., Schoenbohm et al., 2004].  
The longitudinal profiles of rivers draining the west side of the Sila Massif are consistent 
this type of uplift.  The longitudinal profiles of rivers draining the east side, however, 
have a shape more consistent with models that require a propagation of the tectonic 
boundary such as folding or shortening [Goode and Burbank, 2011; Reitz et al., Chap. 3].   
In the forward model in Chapter 3, we found that the most plausible explanation 
for the Pleistocene tilting event is a structure with a migrating hinge.  Although other 
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structures are possible, this is most commonly generated from a flat-ramp-flat structure in 
a shortening tectonic regime.  Therefore, we look to interpret the eastern drainages with 
the assumption of growing fold on the east side of the Sila Massif. 
 The river captures discussed above seem to be the result of gentle westward 
tilting.  Since the captures are occurring near the center of the Sila Plateau and not around 
the edges, a broad region of the plateau is deforming and the structure responsible is 
unlikely to be associated with the edge of the plateau.  Molin et al. [2004] recognize 
active uplift in the northeastern edge of the Sila Massif (“OD Ridge” in Fig. 4.2) that is 
deforming north flowing river profiles, but it is described as an isolated feature.  It is 
possible and consistent with our results that this active uplift and folding is due to the 
same event and structure that we see deforming the Ampollino and Neto rivers and 
possibly as far south as the Tácina River (see river profiles and erosion rate data of 
southern rivers in Appendices A and B).   
The results from the cosmogenic erosion rates provide useful insights in light of 
the other observations.  Although relief is similar on both the east and west sides of the 
Sila Massif, the eastern flank is eroding at nearly twice the rate of the western flank.  This 
result is consistent with river erosion responding to faster uplift.  Furthermore, we can 
constrain the different uplift rates to be the result of active structures.  The timescale over 
which 10Be erosion rates are average corresponds to the time it takes to erode the upper 
0.6 m of bedrock or 1.0 m of soil [von Blanckenburg, 2005].  The eastern rivers average 
erosion over the last 1000 yr (600 m/Myr) and the western rivers average erosion over the 
last 1800 yr (330 m/Myr) [after von Blanckenburg, 2005].  So, as there were no large 
climatic changes over the last two millennia, the differences in uplift rate determined 
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from 10Be erosion rates are the result of active structures accommodating faster uplift in 
the east and slower uplift in the west.  
The morphology where stream captures are occurring tentatively delineates folds 
in the region.  Interestingly, these fold axes strike northwest-southeast, which is parallel 
to many structures already identified in the literature (Fig. 4.2): The “OD-Ridge” [Molin 
et al., 2004], the Cecita Lake Fault and Lakes Fault [Galli and Bosi, 2004; Spina et al., 
2007], and the San Nicola-Rossano Fault [Barone et al., 2008; Reitz and Seeber, 2012].  
In the southernmost Apennines, just north of the Sila Massif, Ferranti et al. [2006] 
identified northwest-southeast striking folds that are interpreted as southwest verging 
thrust anticlines.  Structures with the same domal or anticlinal morphology and the same 
strike throughout northern Calabria and the southern Apennines have been interpreted in 
different structural frameworks.   
 
7. SHORTENING IN THE OUTER FOREARC 
There has been much work on understanding the active structures affecting the 
Sila Massif and its boundaries from geomorphic parameters [e.g., Miyauchi et al., 1994; 
Molin et al., 2004; Antonioli et al., 2006; Olivetti et al., 2012].  However, these studies 
are most often assuming an extensional or transtensional structural framework [à la van 
Dijk et al., 2000; Tansi et al., 2007], associated with translation of the forearc across the 
Tyhrrenian Sea, backarc spreading, and orogenic collapse.   
Data from chapters 2, 3, and 4 suggest that the Calabrian forearc is best 
interpreted in a subduction-rollback tectonic framework, where arc-perpendicular 
shortening dominates the outer forearc above the shallow-dipping portion of the plate 
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boundary and arc-normal extension dominates the inner forearc above the steeply dipping 
subducted slab [Brown et al., 2011].  Although shortening may not affect the outer 
forearc for much of subduction-rollback, changes in boundary conditions in the 
accretionary wedge or time-transgressive collisions can cause shortening in the outer 
forearc. 
While the Calabrian forearc was stable for most of the Tyrrhenian phase of 
rollback (12-1 Ma), a transient destabilization of the wedge and forearc basin occurred 
during the Messinian Salinity Crisis [DeCelles and Cavazza, 1995; Reitz and Seeber, 
2012].  West- and southwest- verging backthrusts during this event reached the eastern 
flank of the proto-Sila Massif and other basement massifs in southern Calabria [DeCelles 
and Cavazza, 1995; Reitz and Seeber, 2012].  Since backthrusts in the wedge and forearc 
basin have formed previously in response to changing boundary conditions, changes in 
boundary conditions in the Pleistocene could reactivate these faults again and/or generate 
new backthrusts with a similar strike.   
Although we infer this set of northwest-southeast striking structures to be 
accommodating mostly shortening, we do not preclude normal or strike slip motion along 
these faults.  Indeed, in the case that the main faults are not exposed at the surface, 
surficial features would be the result of secondary structures and not representative of the 
deeper structures or stresses in the subduction system. 
The data from the eastern flank and Sila Plateau are consistent with the results of 
Reitz et al. [Chap. 3] suggesting a propagating fault-bend-fold structure forming the 10° 
dip of the sedimentary units on top of the basement.  However, the data from the rivers 
draining the western side, which show at least two distinct knickpoints (e.g., Mucone and 
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Savuto Rivers, Appendix A), generate higher concavities, rather than the convexities seen 
on the eastern flank.  This is more consistent with a normal fault, which are characterized 
by well-formed, concave up knickpoints [e.g., Schoenboem, et al., 2006; Whittaker et al., 
2007; Attal et al., 2008, 2011].  Although the main basin-bounding fault of the Crati 
Basin is located on the west side of the Crati River, it is possible that smaller, antithetic 
normal faults on the east side of the Crati River are also responsible for subsidence and 
knickpoints in the river profiles.  At the very least, westward tilting of the Sila flank 
toward the normal fault is likely. 
The interpretation of a fold responsible for growing topography in the east and 
rollover tilting toward a normal fault in the west predicts overall lower uplift and erosion 
rates of the western side of the Sila Massif, which is consistent with our data (Table 4.1 
and Appendix B).  Furthermore, this model predicts that the normal faults in the Crati 
Valley will progressively slice off pieces of the Sila Massif from the hangingwall of the 
fault-bend-fold, inhibiting topographic growth in the west. 
 
8. TECTONIC MODEL 
In order to construct a comprehensive tectonic model, we first consider the Sila 
Massif as a small piece of a much larger subduction system and how the deep structure of 
the subduction zone and could be expressed in the Pleistocene deformation.  Figure 4.8 
shows our model, which draws from numerous other published models that attempt to 
relate surficial deformation to the deeper, larger-scale structure.  Most notably, we try to 
account for the simultaneous shortening and uplift that we document on the east side of 
the Sila Massif with the extension and subsidence on the west side.   
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 At 12 Ma, Calabria was a small part of a much longer forearc in the subduction 
system (see upper inset, Fig. 4.8).  As the forearc was translated to the SE in rollback, it 
progressively collided with the Apulian margin producing the Apennine Mountains.  
Thrust faults associated with this time-transgressive collision young toward the SE and 
the youngest thrusts (that formed the Southern Apennines) have been sealed since ~650 
ka [Patacca and Scandone, 2007].  Therefore, the tectonic boundary between collision 
with Apulia and active subduction must be located east of the Sila Massif.  We 
hypothesize that the oblique collision that has built the Apennines is now manifest in 
northern Calabria.  Moho depth mapped using receiver functions by Piana Agostinetti et 
al. [2009] show deepening towards the Apennines starts in northernmost Calabria. 
Focal mechanisms determined from recent seismic activity in the Corigliano 
Basin, the offshore continuation of the Sibari Basin (location in Fig. 4.1), show dominant 
strain is sinistral strike slip with a northwest-southeast extensional component [Totaro et 
al., 2013].  The extensional component has a strike similar to the orientation of the 
Apulian margin.  In our tectonic model (Fig. 4.8), we represent this data with slip 
occurring on the boundary between the Calabrian basement and the Apulian margin.  
This requires that the upper and lower plates are decoupled and moving in opposite 
directions (the lower plate moving WNW in subduction and the upper plate moving ESE 
in rollback).  This is shown as the motion of the accretionary wedge and we extend this to 
include the motion of the Calabrian crust as well.   
 Receiver function data from Piana Agostinetti et al. [2009] show three main 
seismic units beneath the Sila Massif that make up the Calabrian upper plate: a low 
velocity upper crust, a higher velocity lower crust, and a 10 km thick zone of low velocity 
	
	 159	
interpreted as underplated sediments.  Consistent with the underplating interpretation, we 
interpret two structural boundaries above and below this unit (see Fig. 4.8), both 
consistent with the upper plate moving east relative the lower plate (Ionian Crust).  
Whether or not underplating is active today, the two boundaries are likely zones of 
weakness and will, therefore, accommodate differential motion.  The seismic 
discontinuity occurring at ~15 km depth [Piana Agostinetti et al., 2009] is interpreted as a 
boundary within the Calabrian basement units and we hypothesize that this boundary may 
also accommodate differential motion (Fig. 4.8).  
Piana Agostinetti et al. [2009] also found that the subsidence of the Crati Basin is 
coincident with the steepening of the subducting slab.  In this system, the asthenospheric 
tongue advances eastward with the rolling hinge of the subducting Ionian slab.  Rollback 
slowed significantly in the Pleistocene, but was likely accompanied by a steepening of 
the slab.  We, and Piana Agostinetti et al. [2009], hypothesize that this is reflected in the 
upper crust by a zone of extension and subsidence that, like the asthenospheric tongue, 
migrates eastward with the rolling hinge.  This zone of extension is coincident with the 
Crati Basin in the present day and may have formed the Paola Basin, now offshore of 
western Calabria (Fig. 4.8 and Fig. 4.1).   
The deep structure of the subduction zone described above, although important 
for understanding regional uplift, does not explain the Pleistocene deformation of the 
forearc documented here.  Instead, two boundaries within the forearc are likely key in 
interpreting our findings.  First, toward the trench, the boundary between the accretionary 
wedge and the rigid backstop determines the location of deformation [Davis et al., 1983].  
In a broad definition, the backstop is a mechanical boundary between material deforming 
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in the wedge and the non-deforming part of the upper plate [Davis et al., 1983; Byrne et 
al., 1993].  The location of the backstop can change with time as the yield strength of 
material in the upper plate and/or accretionary wedge that is acting as the backstop 
increases or decreases [Kopp and Kukowski, 2003].  In present-day Calabria, we 
document active folding on top of the Sila Massif and interpret it to be shortening of the 
forearc.  Therefore, the backstop must be located west of this deformation.  Prior to the 
Pleistocene, however, shortening did not affect the Crotone forearc basin except during 
the Messinian Salinity Crisis [Reitz and Seeber, 2012].  Therefore, for most of 
subduction-rollback history, the backstop was located east of the Crotone Basin and 
likely shifted westward in the Pleistocene.  The current backstop, however, is located 
west of the westernmost shortening we document (the western flank of the Sila Massif). 
The second key boundary that controls the deformational regime of the forearc is 
the boundary between the internal forearc (forearc between the backstop and the 
astehnospheric tongue) and the external forearc (the forearc between the volcanic arc and 
the asthenospheric tongue).  In the Calabrian Arc, this boundary is evidenced by the 
transition to extensional surficial tectonics [Piana Agostinetti et al., 2009; Fig. 8].  As the 
asthenospheric tongue is locked to the retreating slab, the forearc material trenchward of 
this tongue may either passively ride over the megathrust as a rigid block or be deformed 
in accretionary processes.  Therefore, shortening related to accretion dynamics must 
occur trenchward of this boundary.  In Calabria, this boundary is located just east of the 
Crati Valley, which is the expression of extension.   
Prior to the Pleistocene, the boundary between the internal and external forearc 
was likely offshore of eastern Calabria in the Paola Basin.  We interpret the present-day 
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boundary between internal and external parts of the forearc, however, to be co-located 
with backstop beneath the Crati Valley. This interpretation implies that the forearc-
accretionary wedge is dynamically supported by the horizontal compressive stresses 
generated by the downgoing plate on one side and the migration of the asthenopheric 
tongue on the other.  Argnani [2000] hypothesized that the 15° of clockwise rotation of 
northern Calabrian in the Pleistocene was caused by the push of asthenospheric material 
coupled with the sinking and retreating slab.  This is consistent with our interpretation 
that the asthenospheric tongue is acting as a backstop to the forearc system in the 
Pleistocene.  
We are suggesting that the backstop moved from beneath the offshore Crotone 
Basin westward to the west side of the Sila Massif.  A significant change in accretion 
dynamics and/or boundary conditions must have occurred in the Pleistocene to 
accommodate this move.  We propose two possible culprits for this change: 1) a 
subcritical wedge (due to the rapid growth of the toe of the accretionary wedge [Minelli 
and Faccenna, 2010]) working to re-establish criticality and 2) collision of the Calabrian 
crust with the Apulian crust. 
During the Messinian Salinity Crisis, up to 1 km of evaporites were deposited in 
the abyssal plain of the Ionian Sea.  Minelli and Faccenna [2010] hypothesize that as this 
thick evaporite sequence was incorporated into the accretionary wedge, the basal 
decollement rapidly propagated upward and forward into the weak salt layer.  This rapid 
growth of the wedge tip (more than 100 km) resulted in a lower wedge profile and a 
subcritical wedge during the Pliocene [Minelli and Faccenna, 2010; Gallais et al., 2012].  
Minelli and Facenna [2010] identified out-of-sequence thrusts and backthrusts in the 
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inner wedge and uplift of the forearc basement units beginning in the Pliocene (~5 Ma) 
and continuing to the present.  They interpret this as evidence of wedge shortening and 
thickening to regain criticality.  We expect deformation associated with accretionary 
wedge adjustment to be pervasive throughout the wedge and forearc.  However, 
deformation (offshore and onshore) is concentrated in just the northern part of the wedge-
forearc system. 
Our second hypothesis addresses the restriction of deformation to northern 
Calabria.  In the late Pleistocene, rapid rotation of northern Calabria [Duermeijer, 1999; 
Mattei et al., 2007] brought not only the accretionary sediments into collision with the 
Apulian Platform, but, potentially, the Calabrian upper crust (Figs. 4.1 and 4.8).  
Collision of the Calabrian crust with the Apulian Platform would have generated a deep-
rooted, east-verging thrust fault with a left lateral component of motion due to the 
southeastward motion of rollback.  
There is a spatial and temporal argument that favors collision over wedge 
adjustment as the cause of deformation.  We would expect structures accommodating 
uplift and shortening associated with a subcritical wedge to be ubiquitous throughout the 
forearc, not just in northern Calabria.  Although the Serre and Aspromonte Massifs are 
less studied, there are no northwest-southeast striking structures shown on maps of the 
regions and the 10°, east-dipping surface [Reitz et al., Chapter 3] that defines the ramp of 
our fold-thrust belt is not present on the east side of either of the southern massifs.  On 
the other hand, the southeast propagation of the Apulia-Calabria collision brought 
northern Calabria into the deformation zone in the Pleistocene.  Thus, we expect 
deformation of Calabria due to this collision with Apulia to only affect northern Calabria.  
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We do not discount the role of shortening due to a subcritical accretionary wedge.  The 
collision of northern Calabria with the Apulian Platform would additionally result in the 
uplift of the toe of the accretionary wedge and decrease the taper angles.  We do not, 
however, consider shortening associated with a subcritical wedge to be the primary cause 
of Pleistocene uplift and shortening in northern Calabria.   
The temporal argument that supports the collision model is that the onset of the 
clockwise rotation of Calabria coincides in time with the dramatic uplift and shortening 
in the Pleistocene.  Minelli and Faccenna [2010] document out-of-sequences thrusts in 
the Pliocene, but this deformation does not affect the Crotone forearc basin or the Sila 
Massif.  Minelli and Faccenna [2010] hypothesize that this shortening continues to the 
present day, but they do not recognize a significant shift during the Pleistocene that our 
data suggests.  The crustal geometries of the Apulian and Calabrian crusts [Doglioni et al., 
1999; Piana Agostinetti et al., 2009; Minelli and Faccenna, 2010], the timing of 
deformation (beginning around 850 ka [Reitz et al., Chapter 3]) being coincident with the 
15° of late Pleistocene clockwise rotation [Mattei et al., 2007], and the direction of slip 
offshore northern Calabria from focal mechanism data [Totaro et al., 2013] all support 
collision as the cause of shortening in the forearc. 
Figure 4.8 summarizes our interpretation of the deep structure from data presented 
here and in the literature.  The hinge of the downgoing plate is associated with extension 
along western Calabria forming the Crati and Mesima Basins [Piana Agostinetti et al., 
2009].  With rollback, we predict the eastward advance of the asthenospheric tongue 
likely causing some uplift [e.g., Gvirtzmen and Nur, 2001], but also pushing the lower, 
stronger Calabrian basement to the east.  This may have also caused the 15 degrees of 
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clockwise rotation in the Pleistocene [Argnani, 2000; Mattei et al., 2007].  Rotation of 
northern Calabria brought Calabrian crust into collision with the Apulian platform, 
requiring shortening and thickening of the Calabrian crust.  This shortening and 
thickening is accommodated by west to southwest verging thrust systems in the upper 
Calabrian crust.  Shortening of the Calabrian basement rocks due to activation of this 
west-verging thrust system has led to significant uplift of the eastern side of the Sila 
Massif.  We do not expect this uplift to affect the west side of the Sila Massif because the 
forward edge of the fold is continuously shaved off in extension above the advancing 
asthenospheric wedge.  Thus, the developing collision of Calabria and Apulia is the best 
candidate to explain the shift in the backstop location and activation of tectonics in the 
Sila Massif, even if the geometry of the structures is different than we propose here. 
 
9. CONCLUSIONS 
1. Normalized steepness and concavity indices from river profiles draining the Sila 
Massif show an asymmetry in the uplift style from east to west.  Reaches of high 
steepness indices are coincident with broad zones of low concavities in the eastern 
rivers, while high steepness indices on the west side are coincident with narrow or 
non-existent zones of low concavities and are dominated, instead by high 
concavities. 
2. Catchment-wide erosion rates determined from 10Be taken from mouth to 
headwaters of three rivers draining different flanks of the Sila Massif show an 
asymmetry, with erosion, and therefore uplift, occurring at nearly twice the rate in 
the east as compared to the west.  Due to the high erosion rates, these rates are 
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average erosion over the past 1000 – 1800 yrs and suggest active structures are 
accommodating faster uplift in the east and slower uplift in the west. 
3.  A qualitative analysis of river divides in the Sila Plateau show two similar river 
captures in the low relief Sila Plateau.  Both of the drainages are characterized by 
west-draining streams capturing eastern headwaters and are evidenced by wind 
gaps and barbed drainages.  This data suggest subtle, but actively growing folds 
uplifting the east-northeast side of the Sila Massif with respect to the western side.  
4. Together these data indicate more rapid uplift on the eastern side of the Sila 
Massif.  Erosion rates, and therefore uplift rates, are almost twice as large in the 
east.  This more rapid uplift is causing tilting and drainage capture by the west-
flowing rivers.  The broad convexity of the east side of the Sila Massif is best 
explained by an uplift that is propagating eastwards [Reitz et al., Chapter 3]. 
5. We present a new structural model that places these NW-SE striking folds 
deforming the Sila Massif in the structural framework of a contracting forearc 
above an active subduction thrust fault.  We favor the hypothesis that the northern 
Calabrian forearc collided with Apulia in the Pleistocene, further enhanced by 
Calabria’s 15° of clockwise rotation and is causing the differential uplift.  We 
propose that collision has induced a deeply rooted backthrust, verging to the SW 
and is expressed on the surface as a series of NW-SE striking anticlines 
deforming the basement of the forearc.  
6. Although regions of active tectonics commonly display contemporaneous, time-
transgressive, and, sometimes, seemingly contradictory deformation regimes, 
quantifying temporal and spatial changes in deformation can help unify 
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interpretations and resolve apparent contradictions.  Furthermore, exploring the 
boundaries between deformation regimes (accretionary wedge-backstop; 
backstop-internal forearc; internal forearc-external forearc; external forearc-
backarc) and how the boundaries shift laterally and with depth throughout forearc 
evolution is also key in understanding active deformation within a subduction-
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Appendix A.  Map of northern Calabria showing all 87 rivers that we mapped using 
ArcGIS and Stream Profiler.  I extracted 18 profiles from rivers on all four sides 
of the Sila Massif to show the spatial variations in knickpoint elevation and 
profile concavities. 
 
Appendix B.  Map of CRN erosion rates from northern Calabria, compiled from this 
work and Cyr [2008].  The base map is from Cry [2008] showing the ksn values 
from many rivers in northern Calabria.  I added my CRN erosion rate data and 
color coded all the sample points to correspond with figure 4, further 
exemplifying the low erosion on the Sila Plateau and the highest erosion rates 
consistently on the east side of the Sila Massif.   
 
Appendix C.  Geomorphic parameters of the 87 rivers extracted from ArcGIS and Stream 
Profiler and the data Stream Profiler calculated along the reaches I defined. 
 
Figure 4.1. Regional setting of the Calabrian subduction-rollback system. Subduction 
front is shown in red triangles, white triangles are regions of arc-continent 
collision.  Thin red lines are active normal faults with some strike slip 
components; these faults bound the major extensional basins (Messina, Catanzaro, 
Sibari, and Crati).  Between the basins are the basement massifs (Aspromonte, 
Serre, and, the focus of this manuscript, Sila), which have uplifted the most since 
~1 Ma. Inset: Western Mediterranean tectonic setting, [from Faccenna et al., 
2001] showing backarc extension from rollback of the Calabrian Arc and arc-
continent collisions that formed the Apennines in the north and the Maghrebides 
in the south. 
 
Figure 4.2. Topographic map of northern Calabria and the Sila Massif from GeoMapApp.  
Faults and rivers discussed in the manuscript are drawn and labeled.  There are 
three clear fault systems: a N-S trending group that bound extensional basins, an 
E-W trending group also bounding extensional basins, and NW-SE trending 
group that is not morphologically well-defined. 
 
Figure 4.3. a) Steepness indices, normalized to a reference concavity of 0.45, and 
concavities, averaged between knickpoints, for 87 rivers in northern Calabria.  
Regions of high ksn values (>75) highlights regions of highest uplift rate and 
where the river profiles are out of equilibrium.  Concavities are binned into <0 
(convex profile), 0-0.3 (steep headwaters of mountain streams), 0.3-0.6 (bedrock 
channels dominated by fluvial incision), and >0.6 (high concavity, usually 
associated with alluvial rivers).  b) Comparison of the Neto River and Savuto 
River profiles.  Regions of highest ksn are circled and concavity color (based on 
legend in 3a) is shown for this reach.  There are two clear knickpoints for both 
rivers (~1200 m and ~800 m); the Neto River has extrememly low concavities 
	 174	
between these two knickpoints, while the Savuto has a very high concavities for 
this same reach. 
 
Figure 4.4. Map of northern Calabria showing CRN sample locations, most are along 
three main rivers: the Mucone, the Neto, and the Savuto (from north to south).  
Sample locations are color coded by 10Be-determined erosion rate, which show 
two trends: the low erosion, Sila Plateau and the higher erosion rates along the 
eastern flank of the Sila Massif.  These two trends are further corroborated by 
published data [Cyr, 2008] and shown in Appendix B.  Sample names are the 
same as in Table 1 and correspond to those data.   
 
Figure 4.5. Elevation map of northern Calabria.  The thin, yellow line follows the 1100 m 
contour line, which is the approximate elevation of the regional knickpoint.  A 
completely internal drainage would result in this contour coinciding with the 
drainage divide.  The actual drainage divide, shown in the dashed, thick yellow 
line reveals some interesting variations.  The text describes a “pre-capture” 
drainage divide that is shown in the dashed red line.  There are two regions in 
which the divide occurs on the opposite side of the plateau than we expect 
(outlined in boxes and further discussion in figures 6a and 6b).   
 
Figure 4.6. a) Close up of figure 5, box A, showing the odd drainage morphology of the 
headwaters of the Savuto and Ampollino Rivers.  Profile A-A’ follows the Savuto 
River in the west, crosses the Savuto Lake and continues straight eastward over 
the drainage divide to the Ampollino River (northernmost valley between the two 
drainages).  The drainage divide between these rivers is not occurring where relief 
is greatest (at the edge of the Sila Plateau), which suggests river capture due to 
tectonics rather than headward erosion. Profile B-B’ follows the longest tributary 
of the Ampollino River from its headwaters to Lake Ampollino.  This profile 
shows significant convexity alongstrike of the Savuto-Ampollino drainage divide, 
further suggesting a tectonic uplift in the plateau.   b) Close up of figure 5, box B, 
showing the odd drainage morphology of the Mucone, Neto, and ‘Paleocecita’ 
Rivers . The N-S profile (yellow line on map) provides evidence for the 
Paleocecita Wind Gap, as the valley is at a similar elevation at the Neto River 
Valley.  The three west-east profiles follow each of the rivers (Trionto, 
Paleocecita, and Neto), full profile line is shown on the map inset and 
approximate edges of the profile are shown on close up map.  The Paleocecita 
River profile is a compilation of the Mucone River headwaters, Lake Cecita, the 
modern tributary, the proposed wind gap, and terminates in the modern Lese 
River.  These three profiles show the low concavities seen in figure 3 and suggest 
that this tectonic growth caused the formerly east flowing Paleocecita River to be 
diverted to the modern Mucone River. 
 
Figure 4.7. GeoMapApp images of boxes a and b from figures 5 and 6 showing the 
barbed drainages indicative of paleo-eastward drainage in the Paleocecita and 
Savuto Rivers.  Blue river traces are taken from the flow accumulation map on the 
	 175	
30 M DEM in ArcGIS and other possible indicators of paleo-flow are highlighted 
by black arrows. 
 
Figure 4.8. Tectonic Model summarizing our hypothesis for Pleistocene uplift due to the 
collision of the Calabrian upper crust with the Apulian margin.  Faults/regions of 
differential motion are shown in red, inactive are dotted; arrows indicate direction 
of motion in the upper plate.  Dotted black lines show prior locations of the 
asthenospheric tongue and subducting slab with dotted arrows indicating eastward 
motion through time.  The topographic profile is generated from GeoMapApp; 
map view shown in the inset.  The depths to the asthenospheric tongue, top of 
slab, and interpretation of underplated sediment and the high velocity lower crust 
are from Gvirtzman and Nur [2001] and Piana Agostinetti et al. [2009].  Depth to 
and geometry of the Apulian platform are extrapolated from Doglioni et al. [1999] 
and Minelli and Faccenna [2010].  
Top graphic [from Reitz et al., 2012 and modified from Gvirtzman and 
Nur, 2001] puts northern Calabria in the context of the larger subduction system.  
The progressive shortening of the forearc due to oblique collision with Apulia is 
now affecting northern Calabria.  Rollback of the Ionian crust is driven by the 
advancing asthenospheric tongue.  A zone of extension is associated with the 
hinge of the subducting slab [Piana Agostinetti et al., 2009] and migrates eastward 
with rollback; we show this with dashed red lines representing older, inactive 
border faults of the Crati Basin.  As the asthenospheric tongue advances, it pushes 
on the high velocity lower crust and low-velocity underplated sediments.  This 
stress likely results in shearing of the weak, underplated sediments and translation 
of the rigid lower crust.  Prior to the Pleistocene, we hypothesize that the 
Calabrian upper crust rode passively atop the lower crust.  During the Pleistocene, 
clockwise rotation of northern Calabria brought the Calabrian upper crust into 
collision with Apulia.  This collision manifests as west-verging thrusts and 
folding in the upper crust and oblique slip along Apulia-Calabria boundary 
[earthquake data from Totaro et al., 2013]. 
 
 
Table 4.1. Results from 10Be chemistry and AMS runs for 26 river sediment samples. 
Table includes data necessary for the catchment-wide erosion rate calculations in 
the CRONUS-Earth Calculator (quartz mass, average elevation of upstream 
catchment, and AMS measured concentration).  Production Rate is calculated by 
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CAL-09-01 6.5966 840.2 3.77E+04 8.37 200.05	±	15.01
CAL-09-02 10.0278 1116.3 2.33E+04 10.37 385.30	±	31.96
CAL-09-03 10.0217 1328.4 1.45E+04 12.17 706.87	±	55.26
CAL-09-04 10.0268 1409.0 1.87E+04 12.92 574.43	±	45.97
CAL-10-03 10.0170 1451.3 1.15E+04 13.34 958.26	±	82.01
CAL-10-01 10.0097 1428.0 6.58E+04 13.13 162.88	±12.04
CAL-09-05 10.0095 1496.2 1.24E+05 13.83 89.14	±	6.65
CAL-09-06 10.0061 1563.2 1.63E+05 14.52 70.38	±	5.34
CAL-09-24 9.9963 1477.1 2.14E+05 13.59 50.16	±	3.78
CAL-09-25 10.0230 1446.3 6.67E+04 13.29 162.34	±	12.06
CAL-10-02 10.0075 1411.8 6.90E+04 12.97 153.65	±	11.27
CAL-09-21 10.0022 1448.1 1.73E+05 13.32 61.38	±	4.60
CAL-09-22 10.0193 1524.4 1.34E+05 14.09 83.73	±	6.24
CAL-09-07 9.9704 817.2 2.07E+04 8.19 361.38	±	40.70
CAL-09-08 7.5804 938.8 2.46E+04 9.02 326.74	±	24.49
CAL-09-09 8.1421 1058.6 3.14E+04 9.91 274.62	±	20.66
CAL-09-10 9.9654 1201.0 2.55E+04 11.05 369.57	±	29.89
CAL-09-11 10.0867 1324.7 1.03E+06 12.13 96.59	±	7.08
CAL-09-12 10.0942 1363.1 2.21E+05 12.48 45.06	±	3.44
CAL-09-13 9.9199 1107.5 1.63E+04 10.36 551.06	±	46.10
CAL-09-15 10.0125 1224.6 3.34E+04 11.33 286.89	±	22.54
CAL-09-16 10.1823 1283.7 6.00E+04 11.82 164.02	±	12.27
CAL-09-17 10.0222 1283.7 1.20E+05 13.12 88.23	±	6.70
CAL-09-18 10.0185 1281.4 7.01E+04 11.79 139.69	±	10.15
CAL-09-19 9.9946 1242.4 1.10E+05 11.46 86.03	±	6.33

































TABLE 1: COSMOGENIC NUCLIDE DATA











1. SUMMARY AND MAIN CONCLUSIONS 
I investigated the temporal and spatial variations in deformation of the Calabrian 
forearc during the evolution of the subduction-rollback system as the forearc traversed 
thousands of kilometers until it collided obliquely with the Apulian Platform.  I offer the 
new interpretation that, as long as the forearc is far from collisional plate boundaries, it 
can be tectonically quiescent even during rapid rollback.  This interpretation differs from 
previous authors who hypothesize extension or transtension in the forearc mimicking the 
backarc extension [e.g., Van Dijk et al., 2000; Molin et al., 2004; Zecchin et al., 2006].  
Most forearc deformation documented in the literature occurs in the forearc basin as a 
part of accretionary wedge tectonics [e.g., Dickenson and Seely, 1979; Davis et al., 1983; 
Fuller et al., 2005].  Tectonic quiescence in the forearc basin occurs as long as the 
accretionary wedge remains critical, there is significant sediment input to the basin and 
wedge, and no seamounts or large continental blocks enter the subduction zone [Davis et 
al., 1983; Laursen et al., 2002; Fuller et al., 2005].  Tectonic quiescence of the forearc 
basin and inner forearc during rapid rollback stands in contrast to the rapid uplift, 
extension, and rotation that characterize the Calabrian forearc deformation in the 
Pleistocene.  To better understand the Pleistocene deformation, I compiled a detailed 
dataset of cosmogenic-determined erosion rates along three river profiles to understand 
spatial changes in erosion rate along with a geomorphic analysis of the landscape.  
Samples from one of these rivers are the first to be used in a forward model of 
deformation and river incision, leading to age constraints on a structure that is actively 
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deforming the forearc.  The forward model predicts that shortening is likely the dominant 
strain during the Pleistocene.  The geomorphic analysis confirms the shortening structure 
predicted from the forward model.  I integrate my new data and findings with previous 
work into a viable interpretation of the region.  My interpretation of forearc deformation 
is from a 4D perspective, taking into account the changing boundary conditions of the 
subduction-rollback system through time. 
 In Chapter 2, I began my investigation of forearc deformation by mapping the 
largest subaerial exposure of the forearc basin in northern Calabria, the Crotone basin.  
Detailed stratigraphic work had been completed on the Serravallian through Middle 
Pliocene sediments [Roda, 1964; Roveri et al., 1992; Zecchin et al., 2003], which offered 
a robust starting point for a structural interpretation.  I found four distinct structural 
phases expressed in the forearc basin sediments: extension and subsidence in the 
Serravallian; tectonic quiescence throughout the Tortonian; arc perpendicular shortening 
and thickening during the Messinian Salinity Crisis; lastly, a return to quiescence 
followed by arc parallel shortening in the middle Pliocene as the Crotone Basin neared 
oblique collision with the Apennines.  These findings indicate that tectonic quiescence 
dominated forearc tectonics when the forearc was far from collisional boundaries and 
isolated from accretionary wedge dynamics. 
 The youngest structure I definitively mapped in the Crotone basin was a Middle 
Pliocene shortening event, but there is a morphologic feature that dominates the western 
part of the forearc basin and deformed the Middle Pliocene sediments: a 10°, east-dipping 
surface.  In Chapter 3, I investigate this surface as recent or ongoing deformation using a 
new technique to determine the underlying structure responsible for the deformation and 
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its age of activation.  We developed a simple finite-difference forward model in 
MATLAB that integrates field data from the dipping surface with cosmogenic-
determined erosion rates from a river that dissects the structure.  I reconstructed the 
history of uplift and river incision to test two end-member structural growth models of 
uplift: tilting from a fixed hinge and tilting from a propagating hinge.  The model runs 
provide unique incision results along the river profile for two possible structural growth 
models and the results show that tilting from a migrating hinge is the preferred method of 
uplift for this structure.  This result is important to the region because it implies that 
shortening plays an important role in the Pleistocene deformation, which has not been 
previously considered.  More broadly, this study opens up the possibilities for identifying 
and dating active and recent structures that deform river profiles using CRN-determined 
erosion rates. 
 In Chapter 4, I investigate the spatial variation of a number of different 
quantitative and qualitative geomorphic parameters in an effort to identify active 
structures that are deforming river profiles.  I used ArcGIS and a MATLAB routine 
called Stream Profiler to map 87 river profiles and determine concavity and steepness 
indices along each river.  I augmented a previously published dataset of CRN-determined 
erosion rates with 26 new samples and results.  Lastly, I investigated wind gaps and 
drainage patterns in rivers around the Sila Massif.  Interpretations from each of these 
datasets, coupled with the results from the forward model described in Chapter 3 provide 
evidence for an active, growing fold in the east contemporaneous with an active normal 
fault to the west.  Putting these findings into a system-wide framework, I hypothesize that 
the shortening is due to the collision of the Calabrian basement with the Apulian platform 
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in the east, while extension in the west is due to extension over the bend in the 
downgoing plate and a possible re-initiation of extension near the arc.   
 
2. BROADER IMPACTS 
There are three themes that motivated each of the chapters of this dissertation.  
First, although structural and geomorphic data are often collected over limited spatial 
scales, it is vital to interpret them in a regional tectonic framework.  I was able to 
reinterpret previously published data and link my new data to existing data successfully 
by taking this wider view of the region.  In each chapter, I put my data from the forearc 
basin and Sila Massif into a system-wide framework, which informed my interpretations 
and brought new insight to the regional tectonics.   
The second theme that links the chapters is my goal to connect the longer-term 
structural data with the shorter-term geomorphic data.  I provided two new and 
preliminary methods in Chapters 3 and 4 to address this topic.  Clark et al. [2005, 2006] 
combined geomorphic data from relict surfaces with Apatite-He thermochronology to 
constrain uplift rates.  I built on this approach by identifying and mapping a time 
equivalent relict surface and used catchment-wide erosion rates determined from 10Be in 
river sediment.  It is only recently that using 10Be measurements as a proxy for uplift 
could provide age constraints in actively deforming regions [e.g., Cyr and Granger; 2008; 
DiBiase et al., 2010], so there is a lot of promise exploring more tectonic applications of 
river erosion.  Specifically, we used our erosion data to inform the numerical model of 
uplift and erosion.  Although numerical models of structural growth and erosion through 
time are not new [e.g., Goode and Burbank, 2011], it is a new idea to use 10Be erosion 
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rates to constrain the model.  There are also many 2D landscape evolution models (e.g., 
SIBERIA [Willgoose et al., 1991], CHILD [Tucker and Bras, 2000], LAPSUS [Schoorl 
et al., 2002]) that can be adapted to model specific rivers and 10Be erosion rates for field 
comparisons and insight into active tectonics.   
 Beyond forward models and geochemistry, in Chapter 4, I was able to define 
active structures through geomorphic analyses of landscape and river profiles.  Active 
structures rarely crop out at the surface of the earth, but they do deform the earth’s 
surface.  Quantifying surficial deformation and then connecting it to underlying structures 
and a regional tectonic setting provides a new perspective that may be crucial to the 
understanding other active tectonic regions.   
The third theme that is present throughout this manuscript is the interpretation and 
prediction of contemporaneous shortening and extension.  Contemporaneous structures 
are not widely cited in studies of ancient orogenies, instead, there is a tendency to break 
the orogeny into multiple phases each with a distinct deformation regime and associated 
structures that overprint previous structures and will be over printed by later deformation 
regimes (e.g., the orogenies of the Appalachian Mountains [Hatcher et al., 1989]).  In 
subduction-rollback and arc-continent collisional examples, there are sharp changes in 
deformation zones over short spatial scales.  For example, in Chapter 4, I propose that the 
shift from shortening to extension occurs in fewer than 5 km across the Sila Massif.  It 
seems unlikely that this detail will be preserved in the geologic record.  In the geologic 
record, we would likely find an average of the two processes preserved and then labeled 
as one deformation regime.  Continental collisions are generally diachronous [e.g., 
Rowley; 1996], so the time-transgressive nature of deformation should be a common 
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feature in the geologic record, as long as the spatial scales between deformation regimes 
is large enough that they do not overlap.  It is important to recognize that, when studying 
active tectonics, it can be difficult to notice when overlapping, contemporaneous 
deformation is occurring. 
Overlapping variations in deformation occur not only laterally, but also vertically 
in the subduction system.  My tectonic model proposes that the upper crust of Calabria is 
moving WNW, while the lower crust and underplated sediments are moving ESE.  This 
differential motion is critical in explaining the deformation we document at the surface of 
the earth, but is difficult to measure and may not be preserved in the geologic record.  For 
example, a GPS transect installed across northern Calabria in 2006 shows 2 mm/yr 
extension of the forearc in the east-west direction [D’Agostino et al., 2011].  The GPS 
results contradict the conclusions from Chapters 3 and 4 of ongoing shortening in the 
upper crust, unless differential motion of the upper and lower crusts is considered.  
Understanding how two deformational environments, acting concurrently, influence the 
other is critical in the analysis of data from active orogenies.  
 
3. PRELIMINARY DATA 
 This manuscript focused on deformation of the exposed forearc basin and the Sila 
Massif.  We found this region to represent the forearc well because it remained distinct 
from deformation occurring along the collisional edges of the forearc and the 
accretionary wedge throughout most of the last 12 million years.  The tectonic model that 
I presented in Chapter 4 makes predictions for deformation at the boundary between 
collision and subduction, just north of the Sila Massif in the Sibari Basin.  The cross 
	 204	
section predicts contemporaneous NE-SW shortening due to collision, similar to that 
documented in the Southern Apennines [Ferranti et al., 2009].  During my last field 
season in Calabria, we quickly traversed the northern boundary of the Sibari basin, 
attempting to investigate any active structures that would show continued NE-SW 
shortening or younger (active) structures overprinting the Apennine thrust sheets.  We 
found slip surfaces on both limestones deformed in Apennine thrusting and Pliocene 
conglomerates (Figure 5.1).  These slip surfaces had many orientations, but consistent 
slip directions.   These slip surfaces suggest an upper plate down to the SE-directed 
motion.  Using the tectonic model presented in Chapter 4 to inform the interpretation, we 
find this result to be consistent with data from northern Calabria: shortening at depth in 
collision with SE-directed extension at the surface with continued rollback.  This data and 
findings are preliminary, but offer a strong direction for future work and understanding 
the decoupling with depth that occurs along arc-continental collisions. 
 In Chapter 3, I use the stream power equation to model river incision and compare 
the model results to CRN-determined erosion rates that are assumed to average the entire 
upstream catchment from the sample point.  CAL-10-03 had an anomalously low 10Be 
concentration and, therefore, anomalously high erosion rate associated with it, which I 
interpreted to be a result of the gravel-size grains I collected at this location instead of 
sand-sized grains.  Depending on the type of stream, gravel size grains in the 
cosmogenics sample can work to either increase or decrease the 10Be concentration of the 
sample.  For example, if the grain is too large to be transported and remains deposited in 
the watershed near the surface for a long period of time, the increased exposure time will, 
in turn, increase the 10Be concentration with respect to samples that passed through the 
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system more quickly.  Or if the gravel-sized grains were recently eroded from a larger 
rock – boulder size or canyon wall – the sample may have been shielded from cosmic 
rays and this will decrease the 10Be concentration relative to sediments that remained that 
were not shielded [Lukens et al., 2014].  I began a side project to test the validity of my 
grain size hypothesis with another graduate student who was working in the Shillong 
Plateau in Bangladesh.  The majority of my samples were processed for 10Be 
measurement using the sand-size grain fraction (125 µm – 710 µm).  I re-ran 
cosmogenics samples sieved to gravel size (710 µm – 4 mm) and pebble size (>4 mm)of 
Calabria samples if the larger grain sizes were available) and from rivers draining the 
Shillong Plateau.  Figure 5.2 shows the 10Be concentrations and erosion rate calculations 
based on grain size.  In general, the larger grain sizes do have lower 10Be concentrations, 
but more samples and a more detailed description of each sample location is necessary to 
make any definite conclusions. 
 
3. CONCLUSION 
 This manuscript adds considerable structural and geomorphic data to the archives 
in an effort to investigate recent and active structures deforming the Calabrian forearc.  I 
concluded that forearc deformation during rapid subduction-rollback is minimal and 
deformation of the forearc is unlikely as long as the forearc is far from the plate 
boundaries. Two new methods for quantifying the age and structure associated with 
surficial deformation were proposed in chapters 3 and 4.  These methods combine 
structural data with CRN-determined erosion rates and other geomorphic parameters to 
positively identify deep structures and constrain the age of onset.  Lastly, I am able to 
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describe and account for the interaction of contemporaneous structures in an active 
orogeny.  Individually, each chapter adds new data and a new perspective on a well-
studied region that incorporates previous data into the new interpretations.  As a whole, 
this work provides a framework for incorporating structural and geomorphological 
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Figure 5.1. Geologic map overlain on a 3D Google Earth image showing structural data 
collected at the Calabria-Southern Apennine boundary.  Each yellow square is a 
GPS sample location where we measured strike and dip of fault planes and a slip 
direction.  Fault planes orientations are shown in the equal area stereonets at the 
bottom, separated by shortening or extensional motion.  Arrows show direction of 
slip of the upper plate along each fault plane.  In some cases fault planes with 
rakes were measured and these are plotted these on the third equal area stereonet.  
This slip direction is quite consistent considering the large age variation in the 
different rocks in this area and considering the steep topography in the field area. 
 
Figure 5.2 Data plot of seven riverbed samples that were sieved to sand, gravel, and 
pebble size grains and then processed for 10Be concentration and erosion rate.  
Error bars are shown in black if they are bigger than the symbol.  CAL-09-01 had 
no pebble size grains.   
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